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^^is  research  program  investigated  the  feasibility  of  rejuvenating 
the  elevated  temperature,  low  cycle  fatigue  (LCF)  properties  of  a nickel  base 
superalloy,  IN-718,  The  starting  material  was  bar  extruded  from  vacuum-cast 
billets.  The  microstructure  of  the  bar  was  quite  heterogeneous,  and  was  not 
representative  of  a typical  wrought  product.  The  study  addressed  the 
rejuvenation  of  both  pre-crack  initiation  damage,  and  surface-connected  cracks 
(post-crack  initiation  damage).  The  investigation  included  an  evaluation  of 
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different  surface  finishing  and  coating  procedures  on  slssilated  crack  specimens 
to  assess  the  most  reliable  approach  for  bridging  surface -connected  cracks.  It 
was  found  that  a combination  of  shot  peening,  physical  vapor  deposition  of  an 
lN-718  coating,  and  a final  ceramic  coating  was  able  to  bridge  cracks  and  provide 
crack  closure  and  bonding  during  HIP.  Fatigue  predamaged  bars  were  given  the 
rejuvenation  processing  along  with  undamaged  control  specimens,  and  the  post- 
rejuvenation  fatigue  properties  were  compared  with  baseline  properties.  The 
results  sho«wd  that  the  baseline  properties  were  quite  dependent  on  the  rejuvena- 
tion process. ^Direct  comparison  of  fatigue  life  of  the  HIP  control  specimens  and 
predamaged  spe^mens  after  rejuvenation  show  no  increase  in  total  fatigue  life. 

If  the  possible  effect  of  predamage  on  the  rejuvenated  fatigue  life  is  taken  into 
account,  it  is  noted  that  there  is  no  rejuvenation  of  pre-crack  initiation  damage, 
but  there  is  a positive  effect  of  rejuvenation  on  post -crack  initiation  life. 
Fatigue  cracks  closed  and  bonded  during  HIP  were  found  with  their  position  marked 
by  particles  present  in  the  previously  existing  crack.  Thus,  the  feasibility  of 
closing  and  bonding  surface -connected  fatigue  cracks  in  IN-718  has  been 
demonstrated.  However,  not  all  cracks  were  closed  and  bonded  after  this  procedure, 
indicating  crack  closure  and/or  crack  cleaning  procedures  require  further 
development. 
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SUMMARY 


Hot  Isostatic  processing  (HIP)  is  undergoing  rapid  development 
as  a materials  processing  method  because  of  itr  ability  to  readiiy  close 
internal  porosity  and  bond  interior  surfaces.  HIP  accomplishes  this  by 
exerting  high  pressure  at  an  elevated  temperature  to  encourage  creep  and 
diffusion  closure  of  voids  and  diffusion  bonding  of  the  interfaces. 

Although  much  of  the  early  use  of  HIP  was  for  diffusion  bonding,  its  use 
has  expanded  to  densifying  powder  metallurgy  preforms,  and  closing  shrink- 
age and  gas  porosity  in  castings.  More  recently,  the  concept  has  been 
extended  to  void  and  crack  damage  originating  from  creep  and  low  cycle 
fatigue . 

A serious  form  of  damage  that  occurs  in  aircraft  gas  turbine  disks 
is  surface-connected  cracks.  Such  cracks  may  be  either  preexisting,  but 
of  a size  below  the  detection  level,  or  Initiated  from  fatigue  in  service. 

In  either  case,  the  lifetime  of  components  subject  to  predominantly 
fatigue  damage  is  limited  by  the  cyclic  growth  of  these  cracks.  For 
disks  the  replacement  cost  is  large  and  the  design  life  is  only  a small 
fraction  of  the  possible  life.  If  a procedure  for  healing  all  pre- 
existing or  fatigue  induced  surface  cracks  could  be  devised,  the  allowable 
lifetime  of  disks  could  probably  be  extended  substantially  with  attendant 
savings  in  cost  and  materials. 

The  objective  of  this  program  was  to  demonstrate  the  feasibility 
of  using  surface  treatments  and  hot  isostatic  processing  (HIP)  to  heal 
fatigue  damage  in  the  gas  turbine  disk  alloy  IN-718.  The  program  was  to 

(1)  investigate  coating  procedures  to  bridge  surface-connected  cracks, 

(2)  investigate  two  levels  of  fatigue  damage,  pre-crack  initiation  damage 

and  post-crack  Initiation  damage,  (3)  assess  the  response  of  the  fatigue  \ 

damage  to  the  surface  treatments  and  HIP  (rejuvenation  processing)  by 
comparison  of  fatigue  lives,  and  (A)  metallographically  characterize  the 
fatigue  damage  before  and  after  rejuvenation  processing. 
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The  material  investigated  was  IN-718  bar  extruded  from  vacuum 
arc  melted  billets.  The  extruded  bar  retained  much  of  the  inhomogeneity 
of  the  cast  material  and  cannot  be  considered  as  representative  of  a 
wrought  alloy.  After  the  standard  solution  treatment  and  aging  (STA) 
sequence,  the  microstructure  consisted  of  bands  of  Ni^Nb  and  carbides 
parallel  to  the  extrusion  direction.  Laves  phases  wure  also  present. 

Four  HIP  experiments  were  conducted  to  determine  the  effect 
of  the  HIP  conditions  on  the  material  properties  and  microstructure,  and 
to  investigate  the  effect  of  different  surface  treatment  and  coating 
procedures  on  bonding  of  simulated  cracks.  The  HIP  conditions  selected 
were  those  developed  to  heal  casting  defects  in  cast  IN-718,  since 
it  was  known  these  conditions  would  close  and  bond  casting  porosity.  Tensile 
specimens  were  near  minimum  AMS  specifications  after  HIP  and  aging. 

The  fatigue  life  increased  only  about  9 percent  after  HIP  and  aging  compared 
to  the  STA  condition,  although  substantial  grain  growth  did  occur  during 
HIP.  Therefore,  this  HIP  cycle  was  used  for  the  rejuvenation  processing 
of  the  fatigue  damaged  specimens. 

A number  of  simulated  crack  specimens  consisting  of  three  or 
four  layers  of  IN-718  sheet  welded  on  three  sides  were  given  different 
surface  treatment-coating  sequences.  Coatings  used  were  physical 
vapor  deposited  (PVD)  IN-718  and  a ceramic  coating.  Surface  treatments 
were  shot  peening  and  wire  brushing.  Metallographic  sectioning  of 
the  simulation  specimens  after  HIP  indicated  that  a sequence  of  glass 
bead  shot  peening,  PVD  coating,  shot  peening  and  a second  PVD  coating, 
for  a total  coating  thickness  of  about  75  ym,  enabled  cracks  to  be  closed 
and  bonded.  The  specimens  experiencing  actual  fatigue  damage  were  given 
a ceramic  coating  before  HIP  in  addition  to  the  PVD  coatings.  Cleaning 
of  the  fatigue  cracks  before  rejuvenation  was  not  attempted  since  the 
cracks  had  only  very  short  exposures  to  air  at  temperature  and  a suit- 
able cleaning  process  appeared  to  be  very  difficult  to  develop. 

Fatigue  tests  were  performed  at  538  C (1000  F)  in  air  and  argon 
under  strain  control  at  a total  strain  amplitude  of  0.8  percent.  The 
baseline  properties  of  the  extruded  and  STA  material  were  a total  life,  Nf, 
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of  6,620  cycles  (standard  deviation  of  + 1,887  cycles)  and  a crack 
initiation  life,  N^,  of  4, 487  + 819  cycles.  After  HIP  and  ai<inn  of 
undamaged,  bare  fati>;ue  specimens,  the  fati.cue  properties  were  Nj-  - 
7,197  + 1,585  cvc  les  and  Mj  • 5,412  + 1,124  cvcles.  This  ci'inparison 
shows  that  HIP  increased  the  fatigue  life  hv  h percent  .md  the  crack 
initiation  life  by  20  percent. 

Specimens  were  fatigvie  pre-damaged  2,100  cycles  to  a 
Level  1 condition  representing  pre-crack  initiation  damage  and  to  a 
Level  2 condition  representing  pre-damage  in  the  crack  propagation  stage, 
wherein  visible  surface  cracks  are  present.  These  specimens,  along 
with  undamaged  control  specimens  were  given  the  rejuvenation  processing 
treatment.  This  treatment  consisted  of  an  initial  vapor  blast  to  clean 
the  surface  followed  bv  two  consecutive  sequences  of  glass  bead  shot 
peening,  vapor  blast,  and  PVD  coating  with  IN-718.  The  ceramic  coating 
was  then  added  and  the  specimens  were  HIP.  .After  HIP  the  specimens  were 
lightly  polished  in  a longitudinal  direction  before  subsequent  fatigue 
testing  to  failure. 

After  the  rejuvenation  processing  (coating  plus  HIPl,  the 
previously  undanuiged  control  specimens  showed  a signif leant Iv  increased 
fatigue  life.  The  fracture  life  was  12,167  + l,95h  cycles  and  the  cr.ick 
initiation  life  was  9,076  + 424  cycles.  The  fatigue  lives  of  undamaged 
specimens  in  the  different  conditions  are  shown  in  Figure  1.  Becavise 
the  total  rejuvenation  process,  including  the  coating,  substantially 
Increased  the  baseline  fatigue  properties,  the  coating  plus  HIP  condition 
was  selected  as  the  baseline  for  comparison  of  rejuvenation  of  fatigue  damage. 
This  comparison  is  shown  for  total  life  in  Figure  2.  Total  life  of 
the  pre-damaged  specimens  Includes  both  the  cycles  before  and  after  re- 
juvenation. On  the  basis  of  tiu'se  data  no  rejuvenation  of  fatigue  properties 
is  evident.  However,  two  comments  should  be  made.  Firstly,  specimens 
having  Level  2 damage  had  the  visible  surface  cracks  mapped  before 
rejuvenation.  After  rejuvenation  two  specimens  failed  well  awav  from 
previously  mapped  cracks  and  their  average  life  was  about  the  same  as 
baseline  specimens.  Secondly,  many  of  the  pre-damaged  specimens  had  a 
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Figure  2.  Comparison  of  Total  Fatigue  Lives  of  Predamaged  and  Rejuvenated  Specimens 
to  That  of  the  Rejuvenation  Processed  Control  Specimens. 

0 = Undamaged  Specimens,  1 = Pre-Crack  Initiation  Damaged  Specimens, 

2 = Post-Crack  Initiation  Damaged  Specimens. 

+ Is  the  Mean  of  the  Fatigue  Lives  and  the  Bracket  with  it  Spans  the  Standard  Deviation. 


somewhat  different  cr.u'k  initiation  slli-  appi-aramoo  t com  tho  nnd.inuip.oit 
specimens.  The  Initiation  site  In  many  of  the  pre-damaged  specimens  was 
a seml-clrcular  region  about  0.5  to  1 mm  long  at  the  specimen  surface, 
extending  about  0.25  to  0.5  mm  into  the  fracture  surface.  Specimens  tiaving 
this  fracture  appearance  are  indicated  by  an  X In  Figure  2.  These 
specimens  tend  to  have  the  shortest  lives  and  lower  the  average  "reluvenated" 
life  compared  to  the  average  baseline  life.  However,  the  average  11 te 
excluding  these  specimens  still  does  not  increase  the  average  life  after 
rejuvenation  above  that  of  the  baseline  coated  plus  HIP  condition.  It 
is  possible  that  tliese  "flaws"  were  fine  surface  cracks  not  previouslv 
observed,  which  failed  to  bond  during  rejuvenation  processing. 

The  biggest  obstacle  to  interpreting  these  fatigue  results 
is  tl\e  enhanced  fatigue  life  after  coating  plus  HIP  compared  to  after  HIP 
only.  There  are  at  least  two  possible  reasons  for  this.  HIP  liomogenices 
the  microstructtire  and  causes  grain  growth.  The  first  of  these  worH 
Increase  fatigue  life  while  the  second  would  decrease  fatigue  life.  These 
two  effects  might  have  compensated  for  eacli  other  wiien  bare  undamaged 
specimens  were  HIP.  Alternatively,  the  PVP  coating  on  the  coated  plus 
HIP  specimens  was  much  finer  grained  chan  the  hulk  mirterlal.  This  fine- 
grained surface  layer  could  inhibit  crack  initiation  significantly  compared 
to  the  bare  HIP  specimens  and  cause  the  observed  increase  In  life  In  the 
rejuvenated  control  specimens. 

If  it  is  assumed  that  the  material  before  and  after  HIP  does  ii.ive 
different  fatigue  properties  and  .u-ouimil.it  os  fatigue  damage  .it  different  rates, 
then  the  baseline  for  comparison  of  rejuvenation  stunild  bo  modified  to  be 
consistent  with  this  assumption.  In  Figure  2 tlie  baselines  .ire  drawn  assuming 
that  the  STA  and  the  rejuvenated  materials  accumulate  daimigo  .it  a cvclic  rate 
proportional  to  tlielr  crack  Initiation  lives.  In  this  case  tlio  I.evel  1 d.im.ige 
still  shows  no  rejuvenation,  but  the  Level  2 danvige  does  sliow  some  rej uven.it  ion 
of  fatigue  life  (Figure  26,  page  88).  This  is  prohahlv  due  to  the  lioaling  or 
partial  healing  of  the  i.evel  2 cracks  during  HIP,  thereby  requiring  additional 
time  to  reopen  or  reinitiate  now  cracks  during  post-HTP  fatigue  testing  to 
failure . 
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(a)  Typical  fatigue  crack  before 
rejuvenation  processing 
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(b)  Typical  fatigue  crack  after 

rejuvenation  processing,  as-polishec* 
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(c)  Same  fatigue  crack  afte: 
processing,  as-polislied 


lOOOX 

rejuvenation 


Figure  3.  Comparison  of  Fatigue  Crack  Appearance  Before  and  After 

Rejuvenation  Processing. 

Figures  (b)  and  (c)  Show  the  Appearance  of  a Crack  Which 
Has  Been  Closed  and  Bonded  by  HIP  but  RRiose  Location  Is 
Marked  by  Second  Phase  Particles  and  Possibly  Voids. 
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Metdllographlc  sectioning  of  fatigue  damaged  specimens  before  and 
after  rejuvenation  processing  showed  that  fatigue  cracks  were  closed  and 
bonded  during  HIP.  Specimens  having  crack  locations  mapped  after  pre-dain;»ge 
were  sectioned  after  rejuvenation  processing  and  fatigue  testing  to  failure. 

The  locutions  of  the  previously  existing  cracks  were  marked  by  small  second 
phase  particles  and  possibly  voids.  Indicating  a closed  and  nearly  bonded 
crack.  A typical  crack  before  bonding  is  shown  in  Figure  3a.  A typical 
bonded  crack  is  shown  in  Figures  3b  and  c in  the  as-polished  and  the  etcheii 
conditions.  It  should  he  noted  that  ttiese  cracks  did  not  reopen  during  fatigue 
testing  subsequent  to  HIP. 

Unbonded  or  poorly  bonded  cracks  known  to  be  tlie  site  for  fracture 
after  rejuvenation  in  some  of  the  Level  2 specimens  could  result  from  either 
of  two  effects.  It  is  possible  that  the  PVD  and  ceramic  coatings  contained 
defects  over  the  crack  and  failed  to  bridge  the  crack  adequately  during  HIP. 

This  can  be  corrected  by  improved  PVP  coating  tecliniques.  A1 1 emat  Ive  1 v , if 
the  coatings  were  adequate,  it  is  possible  that  cleaning  of  the  oxide  out 
of  the  cracks  is  a critical  step  even  for  thin  oxide  films.  In  this  case, 
the  adequately  healed  cracks  may  be  those  with  less  than  a critical  amoimt 
of  oxide,  wliile  those  whlclt  are  not  healed  might  contain  more  than  this  amount. 

In  conclusion,  the  most  significant  result  of  tills  program  was  tlie 
demonstration  of  closure  and  bonding  of  fatigue  cracks  which  did  not  reopen 
during  subsequent  fatigue  testing.  In  cracked  part-s,  this  alone  should  enable 
rejuvenation  to  extend  fatigue  life  If  nothing  else,  e.g.  microstructure, 
is  changed.  Thus,  HIP  conditions  should  bo  developed  to  limit  bulk  micro- 
structural  changes,  e.g.  minimise  grain  growth.  The  reliability  of  crack 
closure  and  bonding  observed  In  this  program  is  unacceptable  but  should 
be  Increased  by  Improved  PVP  coating  procedures  and  development  of  crack 
cleaning  methods.  i 

A definitive  conclusion  concerning  the  extension  of  fatigue  life  f 

by  HIP  rejuvenation  cannot  be  drawn  from  the  results  of  this  program.  A ' 

direct  comparison  of  the  total  fatigue  life  of  rejuvenated  specimens  to  a ' 

i 

baseline  condition  is  complicated  by  the  apparent  substantial  Improvement 
of  fatigue  life  Imparted  to  undamaged  materials  by  the  rejuvenation  processing. 
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In  effect,  Che  extruded  and  STA  material  pre-damaged  before  HIP  was  a 
different  material  from  that  tested  after  HIP.  Since  the  fatigue  and 
rejuvenation  processes  are  conceivably  modified  between  these  two  material 
conditions  to  some  unknown  degree,  appropriate  allowances  for  these  effects 
cannot  be  made  when  comparing  the  fatigue  lives.  Further  Investigations  In 
this  area  should  establish  the  complete  rejuvenation  process  and  Its  effect 
on  the  final  baseline  properties  of  a material  which  has  been  stabilized 
before  entering  the  fatigue  pre-damage  and  rejuvenation  Investigation. 


INTROIU’CriON 


L 


Hot  isostat  ic  proi-ess tii>;  (.HIT)  is  umior (to in^  rapid  dovo I opmont 
as  a mat«>rlals  processing  method  because  ot  Its  ability  to  rapidlv  close 
Internal  porositv  and  bond  interior  surtaces.  HIT  accomplishes  this  bv 
exerting  high  pressure  at  an  elevated  temperature  to  encourage  creep  and 
dlt't'uslon  closure  of  voids  and  lilt'tusion  bonding  o!  the  Interlaces. 

Although  much  ot  the  e.trlv  use  ot  HU'  was  tor  ditt'uslon  bonding,  its  use 
has  expanded  todeusiiviug  p.'wder  nn-t  a I I luo’.v  pitMoims,  and  iloslug  ;;ht  ink- 
age  auii  g.as  poii'sltv  in  c.istiu.c.s. 

More  recently,  the  concept  has  been  extended  to  void  and  cr.ick 
d.tmage  originating  trom  creep  and  low  cvcle  l.ttigue  ilCFl  strain.  In  the 
case  ot  internal  voids  and  intergr.uuilar  cracking  represent. it ive  ot 
elevated  temperature  creep  and  LCF  dam.ige,  HU’  alone  can  readilv  remove 
these.  Atter  HU'  the  creep  properties  are  largelv  resti'iod^*  and  the 
Ll'F  properties  are  p.trti.illy  restorevi''  \ i.e.,  these  properties  h.ive  been 
rejuvenated  to  some  degree.  However,  wheit  vlealittg  with  suit. ice  cr.icking, 
the  itK'St  prominent  form  of  damage  produced  by  l.t’F,  HU’  must  be  used  in 
conjunction  with  crack  bridging  techniques  and  this  makes  the  procedure  more 
complex.  In  this  case,  the  pre  I imin.irv  results  indic.ite  that  it  is 
feasible  to  remove  surface  crack  d. image  and  lengthen  f.U  igue  liteU*'. 

Strain  induced  cavitation  .ind,  cr.icking  .ire  import. ml  in  lu't  p.ith 
components  in  aircraft  g.is  turbines,  such  .is  bl.ides  v'r  buckets,  .ind  .in 
important  form  of  this  damage  is  surf  .ice-connected,  cr.uks.  These  m.iv  be 
either  preexisting  cr.icks  of  .i  si.te  below  the  detection  level,  or  t.itigue 
cracks  initiated  during  service.  In  either  case,  the  lifotiive  ot  components 
subject  to  predominantly  fatigue  d. image  is  limited  bv  the  cvclic  gri'wth 
of  these  cracks.  One  such  component  is  i disk.  I'lu-  ii'p I .icenuMit  .-.'si  ot 
.1  disk  is  l.irge.  .iiul  1 lu'  v'onsemu'iices  >'t  .i  disk  l.iiluie  .11  s.'  d.uiger>'us 
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to  aircraft  and  human  life  that  the  design  life  of  a disk  Is  onlv  a small 
fraction  of  its  possible  life.  If  a procedure  for  healing  all  preexisting 
or  fatigue  induced  surface  cracks  could  be  devised,  the  allowable  lifetime 
of  disks  could  probablv  he  extended  suhstant la  I Iv  with  attendant  savings 
in  cost  and  materials. 

As  revealed  by  the  previous  studies ^ the  healing  of  surface- 

connected  cracks  and  restoration  of  the  original  fatigue  properties  Is  a 
much  more  challenging  problem  than  the  removal  of  Internal  cavitation, 
because  the  problems  appear  to  be  more  difficult  to  solve.  Firstly, 
to  enhance  the  ability  to  bond  the  crack  surfaces  together,  an  effective 
surface  cleaning  technique  must  be  devised  which  ideallv  would  reach  into 
narrow,  deep  cracks  to  remove  surface  films  and  compounds  such  as  oxides. 
Secondly,  a means  of  blocking  off  the  crack  trom  the  atmosphere  is  required 
so  that  the  external  pressure  will  act  to  squeeze  the  crack  closed.  For 
this  purpose  a sound  coating  able  to  bridge  and  seal  all  surface  cracks 
must  be  developed.  If  the  coating  is  to  remain  on  the  part  when  it  reenters 
service,  its  presence  must  not  impair  the  original  properties  of  the  part; 
if  the  coating  is  to  be  removed  before  the  part  is  placed  back  in 
service,  the  coating  must  be  removable  without  impairing  the  original 
properties.  Thirdly,  if  the  material's  properties  are  slgnif leant Iv  decre.ised 
by  changes  in  its  microstructure  incurred  during  the  HIP  cvcle,  the  allov  must 
be  amenable  to  reheat-treatment  to  restore  the  original  microstructure 
or  properties.  Fourthly,  if  alloy  depleted  zones  form  in  the  vicinity  of 
the  crack  due  to  oxidation  or  other  compound  formation,  these  deficiencies 
must  be  corrected  or  their  effect  accounted  for.  Fifthlv,  a final  finishing 
procedure  to  restore  the  original  s t.ice  dimensions,  finish,  or  properties, 
e.g,,  hardness  and  chemistry,  must  bo  developed  to  prepare  the  part  for 
subseqvient  use. 

While  the  problems  and  risks  associated  with  healing  of  surface- 
connected  cracks  and  rejuvenation  of  fatigue  properties  are  large,  the 
potential  economic  and  materials  benefits  are  also  large.  Sviocessful 
rejuvenation  would  not  only  enable  used  disks  to  be  rejuvenated  one  or  more 
times  to  Increase  their  useful  life  substant ia 1 Iv  compared  to  tliat  with  present 
practice,  but  could  also  conceivablv  increase  the  initial  design  life  of  disks 
bv  removing  nondctectable  cracks  before  service. 
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OBJECTIVES 
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riio  pr  inc  iiM  l jjoal  ot  this  prov'.r.im  v^ms  1 1'  ^ionuMtst  r.tto  tho 
toasibilitv  of  HIP  aiivl  rof  iiiislung  prooediiros  to  romovo  or  n«?ut r.i  1 ieo 
defects  which  limit  the  fatiijue  life  of  aircraft  ^as  turbine  disks. 
These  defects  are  both  fabrication  and  service  induced,  and  include 
surf ace- connected  cracks  and  pre-crack  initiation  fatigue  damage. 

Tlte  specific  objectives  of  this  program  were  to 

• Develop  a co.it  ing(sl  procedure  which  would  il)  be 
mechanicallv  and  ctiemicallv  compatible  with  IN-718. 

not  degrade  fatigue  properties,  and  i3'l  bridge 
surface-connected  fatigue  cracks 

• Induce  controlled  amounts  of  fatigue  d.im.ige  into 
fatigue  specimens,  both  pre-crack  initiation  d.imago 
and  surface  cr.icking  dam.ige  tvpes 

• Assess  the  response  of  the  different  tvpes  of  fatigue 
damage  to  the  rejuvenation  processes  by  comparison 

of  total  fatigue  lives 

• Meta  1 lographica  1 ly  characterise  the  f.itigue  damage  and 
the  effect  of  the  rejuvenation  process  on  this  damage. 

PRiXlR-AM  PL.\N 


To  meet  the  objectives  of  the  program,  four  important  .ireas  had 
to  be  addressed,  (l>  coating  development.  iii3  inducing  controlled  fatigue 
damage,  (Hi)  HIP  parameters,  and  (iv)  meta  1 lographic  stvidies.  Because  the 
rejuvenation  of  surface-connected  fatigue  cr.icks  was  tv'  bo  studied,  the 
development  of  an  appropriate  coating  procedure  was  necessary  to  bridge 
these  cracks  and  render  them  amenable  to  closure  and  bonding  during  HIP. 

To  ensure  the  highest  likelihood  of  success,  the  coating  should  be  chemlcallv 
and  mechanically  compatible  with  the  substrate.  For  these  reasons  a number 
of  simulated  crack  samples  were  prepared  and  HIP  to  ascertain  the  most  promising 
bridging  technique  before  applving  it  to  the  actual  fatigue  damaged  specimens. 
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Cleaning  of  cracks  was  not  investigated  In  detail.  Cleaning  of  oxide-filled 
cracks  is  a complex  problem.  Since  the  fatigue  test  duration  tor  cracked 
specimens  was  short,  the  formation  of  oxide  films  in  the  cracks  would  be 
minimal,  and  it  was  expected  th.it  cle.ining  might  not  be  critical  for  crack 
he.i  ling. 

To  simulate  the  type  of  d.image  representative  of  that  expected 
in  turbine  disks  after  service,  it  was  decided  to  subject  smooth  test 
bars  to  low  cycle  fatigue  at  an  elevated  temperature  to  two  levels  of  damage. 

One  of  these  levels  represents  the  crack  initiation  stage  with  no  detectable 
surface  damage;  the  other  represents  the  crack  propagation  stage,  with 
surface-connected  cracks.  The  point  of  crack  initiation  was  to  be  defined 
in  terms  of  back  extrapolation  of  the  isvmmctric  lo.ul  dioi',  .1  n.  rconi  ige 
decrease  in  load,  or  visual  observation  c'  cracks  under  maximum  tensile  load. 

The  fatigue  tests  were  conducted  at  538  C (1000  F>  in  either  argon  or  air 
atmosphere . 

HIP  parameters  were  to  be  determined  by  performing  several  pre- 
liminary HIP  cycles  to  provide  information  on  both  microstructural  and 
mechanical  property  changes  caused  by  the  selected  HIP  conditions.  There 
was  concern  that  too  high  a HIP  temperature  would  cause  undesirable  coarsening 
of  the  grain  size,  while  too  low  a temperature  would  not  cause  the  crack 
surface  to  bond  together.  The  starting  point  for  determining  the  HIP  parameters 
was  the  conditions  established  by  General  Electric, '.-iEG-Evendale  for  IN-718 
castings,  since  casting  porosity  could  be  closed  and  bonded  under  these 
conditions. 

Optical  metallography  and  replica  electron  metal lographv  were  used 
to  characterize  the  microstructures,  fatigue  damage,  and  response  of  the 
simulated  crack  specimens  to  coating  and  HIP. 

The  planned  test  matrix  is  shown  at  the  top  of  Table  1.  It  allows 
for  ( i)  establishing  baseline  tensile  and  cyclic  stress-strain  behavior  as 
well  as  fatigue  resistance  of  the  original  extruded  plus  solution  treated 
and  aged  material,  (ii)  determining  the  effect  of  HIP  alone  on  the  baseline 
properties,  and  (iii)  comparing  the  effect  of  HIP  on  the  rejuvenation  of 
coated  and  uncoated  fatigue  damaged  specimens.  The  test  matrix  actuallv 
followed  is  shown  at  the  bottom  of  Table  1.  It  emphasizes  statistical 
characterization  of  particular  test  parameters  at  the  expense  of  establishing 
the  influence  of  HIP  on  the  baseline  fatigue  resistance. 
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It  ahould  be  noted  that  the  results  of  rejuvenation  of  the 
control  and  damaged  specimens  include  the  effects  of  the  complete  re* 

Juvenation  process,  not  Just  HIP  alone.  This  was  necessary  because  a 
separate  evaluation  of  all  the  process  variables  would  have  been  too 
costly,  and  the  result  of  ultimate  interest  in  the  evaluation  of  HIP 
rejuvenation  is  the  cumulative  effect  of  all  the  processing  steps. 

E.XPERIMENT.^L  PROCEDURE 

Material 

Processing 

The  material  was  received*  as  eleven  nominal  «.5  cm  (1  inchl 
diameter  bars  each  approximatelv  1.20  cm  (4  feet)  long.  The  bars  were  extruded 
at  AFML  from  nominally  7.J  cm  diameter  bv  17.8  cm  long  iJ.S  inch  bv  7 inch) 
vacuum  arc  melted  billets.  The  as-cast  billets  were  first  upset  at  103S  C 
(1900  F).  then  extruded  at  1093  C (2000  F)  at  a 10:1  extrusion  ratio. 

Radiographic  and  visual  inspection  indicated  the  extruded  bars  to 
be  mostly  sound,  with  radiographic  indications  of  defects  usually  being 
associated  with  observable  surface  flaws.  Based  on  this  inspection, 
sections  of  sound  bar  approximately  2b  cm  (10.3  inches)  long  were  cut  from 
nine  of  the  bars  as  program  test  material.  These  sectiov>s  were  labeled 
firstly  by  number,  referring  to  the  extruded  bar  from  which  they  were  obtained t 
and  secondly  by  letter,  indicating  the  sequence  the  section  appeared  in 
the  bar.  beginning  with  .\  at  the  nose  end. 

.\fter  initial  sectioning,  the  bar  segments  were  solution  tre.ited  ii\ 
air  for  1 hour  at  '^‘'4  C (1)’50  F)  and  oil  quenched.  The  segments  were  then 
aged  for  8 hours  at  718  C (1325  F) . furnace  cooled  to  n07  C (1125  F)  over 
a 2 hour  period,  aged  at  this  lower  temperature  for  a further  8 hours,  and 
air  cooled.  Each  bar  segment  was  again  visually  examined,  and  the  nose  .ind  tail 
sections  and  anv  other  obviously  defective  portions  of  tb.e  bars  were  then 
excised.  Sufficient  13  and  2b  cm  sections  of  sound  heat  tre.ited  bar  were 
obtained  for  un  to  b2  mechanical  test  specimens. 


* This  material  was  obtained  from  the  .■\ir  Force  M.tteri.tls  L.tboratorv,  h’right- 
Patterson  .■\ir  Force  Base. 


An  analysis  of  material  taken  from  extruded  bar  No.  4 is  presented 
in  Table  2 along  with  the  composition  limits  published  bv  Huntington  .Allovs 
for  Inconel  .Allov  7 18.  .\11  allov  additions  and  trace  elements  in  the  program 

materi.il  are  within  the  limits  shown. 

Microstructure 

The  mir  rest  rue  t ure  of  tlie  solution  treated  and  aged  (STA'>  materials 
is  quite  heterogeneous  (Figure  4).  it  is  fine  grained  t.\8TM  grain  size  of 
7 to  8,  22  to  30  zm  diameter)  and  h.is  a somewhat  laminar  appearance  created 
by  the  extrusion  of  large  primary  carbides  and  allov-rich  interdendritic 
regions  in  the  cast  billet  p.irallel  to  the  bar  length.  Die  stringers  of 
small  dark  particles  in  tiie  upper  half  of  Figure  4a  are  representative  of 
some  regions  having  large  particles,  possible  botii  inclusions  and  massive 
primarv  carbides,  which  are  broken  up  and  strung  out  during  extrusion. 

Associated  with  these  regions  are  voids  (Figure  s-al  . Those  mav  be  due  to 
fallout  of  particles  during  metal lographic  preparation,  indicating  weak 
interparticle  interfaces,  or  they  mav  be  voids  remaining  after  extrusion. 
Considering  the  10  to  1 extrusion  ratio,  it  is  more  likely  that  the  holes 
result  from  loss  of  particles  during  metallographic  preparation. 

The  acicular  phase  in  the  (horizontal)  precipitate-containing  bands 
in  the  lower  half  of  Figure  4a  is  orthorhombic  .‘!-Ni3Nb  which  precipitated 
in  the  segregated  alloy-rich  regions  during  cooling  from  the  extrusion  tempera- 
ture and/or  during  the  954  C (1750  F)  solution  treatment.  Tn  these  same  regions 
a finer  precipitate,  the  coherent  body-centered  tetragonal  '>"-Ni3Nb  011.150)^“^^ 
has  precipitated  during  aging  (Figure  4b).  Between  the  allov-rich  bands 
containing  the  acicular  phase,  there  is  a verv  fine  precipitate  (Figure  4c), 
probably  a mixture  of  ',"-Ni3N'b  and  some  v'-Ni3  (Al.Ti).  The  size  of  these 
precipitates  is  presumably  smaller  because  of  the  lower  alloy  content  in  these 
regions  and  their  precipitation  during  aging  at  the  lower  temperatures.  The 
equiaxed  particles  appearing  predominantly  in  the  regions  of  the  coarse, 
acicular  Ni3Nb  are  blocky  carbides,  prohablv  MC  and  M230(,  tvpe. .\lso, 
pockets  of  Laves  phase  are  often  present  in  the  bands  containing  the  acicular 
Ni3Nb. 
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TABLE  2 


COMPARISON  OF  SPECIMEN  MATERIAL  CHEMISTRY 
WITH  COMPOSITION  LIMITS  FOR  INCONEL-718 


Element 

Bar  No.  4^^^ 
Chemistry, 
percent 

(b) 

Composition 
Limits , 
percent 

Si 

0.02 

0.35  max 

Mn 

0.03 

0.35  max 

P 

0.005 

0.015  max 

S 

0.010 

0.015  max 

C 

0.05 

0.08  max 

Nb  + Ta 

4.97 

4.75-5.50 

Ni 

Bal  (53.7) 

50.00-55.00 

Cr 

17.90 

17.00-21.00 

Mo 

2,99 

2.80-3.30 

Cu 

0.02 

0.30  max 

Ti 

1.10 

0.65-1.15 

A1 

0.59 

0.20-0.80 

Fe 

17.99 

Bal  (11.3-23.5) 

Co 

0.54 

1.00  max 

0 

0.0013 

- 

N 

0.100 

(a)  Chemical  analysis  prepared  by  Bowser-Momer 
Testing  Laboratories,  Inc. 

(b)  Taken  from  Reference  (5). 
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The  average  hardness  of  Che  STA  material  was  *422  DPH  (Vickers) 
usiiiK  a 10”k^  load . This  Is  rounhlv  equivalent  to  si  R^-  or  I'^il  BUN. 

The  tensile  properties  of  the  i-xtruded  and  STA  material  were  measured 
at  3 18  C (lOlh)  F)  on  Specimens  sB-1  and  3B-2  before  fatique  testing  at  this 
temperature.  These  tests  showed  serrated  stress-strain  response  at  strains  well 
bevond  vield,  with  each  serration  beinj;  accompanied  bv  an  audible  "pine,". 
Examination  of  the  tension  test  samples  sliowed  evidence  of  surface  cracks, 
visible  CO  the  naked  eve.  oriented  normal  to  the  tensile  axis  but  aliened  in 
rows  parallel  to  the  tensile  axis.  The  formation  of  eacli  crack  evidentlv 
);ave  rise  to  a serration  In  the  stress-strain  curve  based  on  a correlation  ot 
the  pingin>t  with  serration  formation  durini;  testing.  Ttie  strinp.inj;  out  of 
these  cracks  in  rows  suqjtested  thev  were  related  to  the  drawiny;  vHit  of  inclusions 
or  allov  sejtre^ated  re>;ions  during  the  extrusion  process.  There  were 
siitnif  leant  differences  noted  in  modulus,  vield  stress,  and  ultim.ite  strength 
between  the  tensile  test  specimens  t.tken  from  two  different  extruded  bars  - 
Numbers  4 .ind  5.  This  implies  a possiblv  large  amount  of  scatter  in  the 
fatigue  resistance  of  the  b.iseline  material  in  tliat  certain  I'f  these 
properties,  wl\en  combined  in  various  p.irametric  forms,  serve  .ts  measures  of 
f.itigue  resistance. 

The  results  of  the  538  C tension  tests  on  samples  from  Bars  4 and 
3 are  presented  at  the  top  of  Table  3.  The  average  true  fracture  stress 
of  these  specimens  was  1318  MPa  (ldl.2  ksi),  and  the  true  fracture  strain 
w.is  0.20b.  The  average  tensile  properties  compare  reasonably  well  with 
published  data  trends  for  this  material  in  its  STA  coini  i t ion^ (Figure  3). 

Botlt  tlie  yield  .tnd  ultimate  str-ntgths  of  tlie  experimental  material  .ire  lower 
than  tlie  mean  of  tlie  data,  but  thev  still  lie  in  the  scatterband.  In  contrast, 
tlie  elongation  lies  within  the  scatterband.  but  is  above  the  trend.  Tiie 
modulus  is  likewise  somewhat  .ibove  the  moan  (4  percent'.  (In  these  comparisons 
use  is  made  of  the  fact  that  at  .ind  .ibovi*  S Ig  F (1000  F)  there  is  little 
difference  between  slieet  properties  .and  t liose  of  other  !iot  wv'rked  •n'i'duct 
forms  such  as  extrudeil  bar.^'*^)  Insofar  as  the  ultimate  tensile  strength 
can  be  considered  .is  .i  direct  me.isure  of  fatigiu>  resist. nu'e,  one  migiu  oxpi'ct 
that  the  fatigue  resistance  of  thi.s  m.iteri.il  might  be  below  the  me. in  trend  ot 
d.ita  publlslied  in  the  op»'n  liter.iture. 
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Figure  5 
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rho  Ivjsolitie  material  eotidition  tor  this  studv  is  the  ext nuloii  aiui 
STA  eoiuiition.  However,  it  should  be  noted  tliat  the  present  material  in  tliis 
slate  i.s  not  representative  ot  wrou^tht , solution  treated  anil  aged  material. 

It  is  elear  from  the  mierost ructure  and  the  tensile  properties  that  the  e.i>t 
m ie  rest  rue  t lire  exerts  a substantial  inftuenee  on  properties,  even  .liter 
extrusion  and  heat  treatment.  This  should  be  kept  in  mind  when  eomparinit 
the  etleets  of  HIP  on  the  microstructure  and  properties  of  this  m.ueri.il. 

The  efleets  of  HIP  on  the  tensile  properties  is  discussed  in  .i  later  section. 


Coating  Proc edur eji 


IN-7  IS  Co.it  ing 

Magnetron  sputtering,  a phvsic.il  v.ipor  deposition  process,  w.is 
selected  the  coating  process  for  applying  the  met.illic  .illov  co.it  ing, 
since  complex  .illovs  such  .is  IN-718  c.in  be  e.isilv  .ippliovl  bv  tliis  techniiuio. 
In  addition,  co.it  ings  deposited  by  sputtering  tvpic.illv  h.ive  exci'llent  .ul- 
herenee.  The  sputtering  process  w.is  conducted  in  .i  v.icuun!  eii.imher  .it  ,i 
v.ieuum  ot  1 x It1  to  about  5 x 10~“  torr  of  argon  g.is.  The  source  m.iteri.il 
or  c.ithode  w.is  held  .it  a negative  volt.ige  ot  from  “>00  to  sever. il  t h.Mts.ind 
volts.  The  neg.»tlve  voltage  on  the  c.ithode  c.iuses  energetic  electrons  t 
iiMiice  the  .irgon  gas:  these  ions  bombard  the  c.ithode  .ind  phvsic.il  Iv  eject, 
or  sputter,  .items  off  the  surface  of  the  cathode  which  .ire  then  deposited 
with  high  kinetic  energy  onto  the  adjacent  substrate  matorial. 

Cer.iml^^^it  ing 

The  ceramic  coating  was  .ipplled  bv  General  F.  lectr  ic /AKil-Kvend.i  !e  . 

Proci^ure  for  Coating  Fatigue  Bars 

A fixture  for  both  heating  and  rotating  six  f.itiguo  bars  it  .i  time 
in  .1  hori.tontal  orientation  was  built.  Figure  b shows  the  chain  drive 
.issemblv,  and  Figure  7 shows  three  of  the  six  fatigue  b.irs  and  four  of  the 
seven  600-watt  quartz  heating  lamps  in  the  fixture  before  coating.  In 
operation,  the  source  is  a h mm  (0.2“)  inch)  thick  plate  of  lN-718  located 
7.b  cm  (3  inches)  above  the  axis  of  the  bars. 
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The  process  sequence  selected  for  cleaning  and  coating  the  fatigue  bars 
before  HIP  was  as  follows: 


(1) 

Fatigue  bar  preparation 

(a) 

Vapor  blast  (liquid  honing) 
Nozzle-to-spec imen  distance 

120  sec 
5 cm 

at  0.31  MPa 

(b) 

Glass  bead  shot  peen 
Nozzle-to-specimen  distance 

300  sec 
5 cm 

at  0.31  MPa 

(c) 

Vapor  blast 

Nozzle-to-speclmen  distance 

120  sec 
5 cm 

at  0.31  MPa 

(d) 

Ultrasonic  clean  in  electronic 
grade  methanol 

300  sec 

(2) 

Magnetron  sputtering  par;imeters 

(a) 

Evacuate  coating  ch.imber  to  a 
pressure  of  1.33  x 10“3  Pa 

(b) 

Heat  specimens  to  700  C (1292  F) 

(c) 

Coat  4 hours  at  620  V,  4.8  amp, 
and  an  argon  gas  pressure  of 

0.4  Pa  to  give  38  um 
(0.0015  inch)  coating 

(d) 

Cool  coated  specimens  to  100  C o 
less  before  removal  from  coating 
system 

r 

(3) 

Second  surface  treatment 

(a) 

Glass  bead  shot  peen 
Nozzle-to-specimen  distance 

30  sec 
12.7  cm 

at  0.31  MPa 

(b) 

Vapor  blast 

Nozzle-to-speclmen  distance 

30  sec 
12.7  cm 

at  0.31  MPa 

(c) 

Ultrasonic  clean  in  electronic- 
grade  methanol 

300  sec 

W 

Second  coating  procedure  as  in  (21  above 

The  approximate  total  coating  target  thickness  was  75  um  (0. 

003  incht . However, 

first  layer  coating 

time  for  samples  9B,  7D2,  7Dl,  SCI,  and 

8C2  was  reduced 

to  three  hours  because  of  arcing  of  a quartz  heating 

1 amp . 

In  addition. 

the  first  coating  layer  on  samples  5D1 , 5C2,  and  3P2 

spalled 

during  the 

second  glass 

bead  peening  (as  in  3a  abovel  and  were 

given  th 

0 following 

treatment  to 

remove 

the  spalled  coating: 

(1) 

Vapor  Blast 

Nozzle-to-work  distance 

600  sec 
5 cm 

at  0.31  MPa 

(2) 

Ultrasonic  clean  in  electronic- 
grade  methanol 

300  sec 

23 

The  cleaned  specimens  were  then  recoated  as  described  above,  beginning  at 
Step  (2).  All  samples  had  a bright  matte  metallic  finish  except  Specimens 
8C2,  9B,  7C1,  8C1,  and  7D2,  which  were  darkened  as  a result  of  being 
removed  from  the  system  while  the  temperature  was  '>100  C. 

After  the  IN-718  coatings  were  applied,  the  predamaged  fatigue 
bars  were  overcoated  on  the  reduced  section  with  a ceramic  applied  bv 
(.leneral  Electric  /AEG-Evenda  le . 

After  cleaning  and  coating,  the  specimens  were  HIP.  After  HIP  the 
specimen  surfaces  were  lightly  polished  in  a longitudinal  direction  with  fine 
emery  paper  to  a nominal  32  urn  RMS  finish  before  subsequent  fatigue  testing. 
The  coating  was  not  removed  by  this  polishing  step. 

HIP  Procedures 

A total  of  four  HIP  experiments  were  performed  during  the  course 
of  the  program.  The  procedures  and  the  conditions  used,  as  detailed  below, 
were  those  previously  established  for  HIP  of  Inconel  "718  cast  ings . ^ These 
HIP  conditions  provided  a logical  starting  noint  since  it  was  knoi,m  that 
casting  porosity  was  closed  and  bonded  under  these  conditions.  The  first 
experiments  were  used  to  ascertain  the  effects  of  the  HIP  cycle  on  the 
microstructure  and  properties  of  the  extruded  materi.il,  and  to  process 
simulated  crack  specimens  investigating  crack  closure  and  bonding  procedures. 
The  HIP  conditions  were: 

o Simultaneouslv  heat  and  pressurize  to  llr>3  C (212'^  FI 
and  103  MPa  (13  ksi)  pressure 

o Hold  at  1163  + 10  C and  103  MPa  for  2 hr 

o Cool  under  pressure  to  lOhn  C (1*^30  FI  at  a minimum 

pressure  of  83  MPa  (12  ksi)  within  a 40-minute  period 

o Hold  at  1066  + 15  C and  83  MPa  minimum  for  1 hr 

o Cool  under  pressure  as  rapidlv  as  possible,  achieving 

760  C (1400  F)  or  below  within  ^0  minutes 
further  static  cooling  or  simultaneous  cooling  and 
depressurization  to  ambient  temperature  and  pressure. 

Following  HIP,  all  mechanical  test  specimens  and  certain  of  the 
bonding  specimens  were  subjected  to  the  standard  18  hour  dual  aging  treatment 
at  ambient  pressure  in  argon  as  follows:  .tge  at  718  C (1326  pi.  g hours,  then 
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turn.ice  cool  at  55  C (100  F)  per  hour  to  h08  C (1125  F)  , auJ  a.ce  at  608  C 
(1125FK  8 hours.  After  aging,  the  specimens  were  removed  from  the  furnace 
and  cooled  rapid Iv  in  flowing  argon. 

The  first  HIP  experiment  v,’as  in  fact  accomplished  by  including 
two  of  the  round  bar  bonding  couples  in  a HI?  ovcle  performed  in  Battelle's 
large  autoclave  svstom  to  densifv  a number  of  large  castings.  This  cvclo 
differs  from  tlie  remaining  experiments  in  that,  due  to  technical  difficulties, 

12  hours  were  required  to  attain  the  1163  C,  103  MPa,  HIP  conditions.  A sub* 
stanti.il  portion  of  this  time  was  at  temperatures  above  ^54  C (1750  F) . 

The  second  HIP  experiment  vcas  accomplished  in  a normal  fashion 
in  the  25.-*-cm  ilO  inchl -d  iameter  autoclave,  requiring  only  .4  hours  to  attain 
the  specified  11p3  C and  103  MPa.  The  six  specimens  of  the  first  series 
of  simul.ited  crack  specimens,  a third  round  bar  bonding  couple,  two  tensile 
specimen  blanks  iNos.  8A  and  sE) . and  three  fatigue  specimens  iNos.  30-1. 

30-2.  and  sB-d)  were  processed.  In  order  to  preserve  their  .ixial  straight- 
ness, the  fatigue  specimens  were  suspended  along  their  longitudinal  centerlines 
during  HIP  identical  to  the  method  described  previouslv.  The  tensile 

blanks,  fatigue  specimens,  and  rod  diffusion  couple  were  .subsequent Iv  aged 
as  described  above. 

The  third  and  fourth  HIP  experiments  were  also  performed  in  the 
25. 4 -cm-diameter  autoclave  in  a normal  fashion,  only  3 hours  being  required  to 
attain  llh3  C and  103  MPa.  In  the  third  HIP  experiment,  the  twelve  specimens 
of  the  second  series  of  simulated  crack  specimens  and  two  additional  tensile 
specimen  blanks  (Nos.  7A  and  ll.-Xl  were  treated.  The  fourth  HIP  experiment 
served  to  process  the  undamaged  and  predamaged  fatigue  specimens  used  for 
the  principal  fatigue  re  juven.at  ion  investigation.  These  f.it  igue  specimens 
were,  again,  suspended  along  their  longitudinal  axes  to  preserve  straightness. 

A previously  fractured  fatigue  specimen  showing  secondarv  cracking  was  coated 
and  HIP  along  with  the  fatigue  specimens  for  post-HIP  metallographic  examination. 

Metallography 

Optical  metallographic  examination  was  carried  out  using  standard 
techniques  for  specimen  preparation  and  glyceregia  etch.  The  replica  electron 
mlcroscopv  studies  used  acetate  replicas,  followed  by  carbon  coating  and 
dissolution  of  the  acetate  to  form  the  final  replica.  The  etchant  for  the 
replica  microscopy  was  also  glyceregia. 
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Fatli^e  Testing  Procedures 

Fpoc imon 

All  specimens  used  in  this  investigation  were  of  the  geometry 
shown  in  Figure  8.  Note  that  this  geometry  provides  a reduced  section 
1.903  cm  (0.75  inch)  in  length  and  0.95d  cm  (0.373  inch''  in  diameter. 

This  rather  stocky  geometry  was  chosen  to  provide  (i)  a reasonable  section 
tor  crack  propagation,  (ii)  a large  surface  free  from  extensometer  knife 
edges  to  permit  surface  replication  for  damage  studies  if  necessary,  and 
(iii)  a reasonably  high  buckling  load  for  testing  in  a low  to  moderate 
capacity  test  system.  A total  of  50  specimens  were  fabricated,  the 
machining  being  performed  at  Met-Cut,  Cincinnati,  following  their  low-stress 
cylindrical  grind  procedure  detailed  in  Table  •*  . 

All  50  specimens  were  machined  from  sound  extruded  and  STA  blanks  | 

taken  from  the  full  length  extrusions.  Specimens  were  numbered  from  1,  i 

for  each  combination  of  bar  and  blank,  designated  respectively  by  a 
number  and  by  a letter.  Of  these  50  specimens,  2 were  used  in  tension  testing, 

2 were  used  as  setup  and  procedure  verification  samples,  and  2 were  d.^imaged 
during  setup  on  the  initial  loading.  The  disposition  of  the  remaining 
samples  was  as  indicated  in  Table  5.  Note  that  2 of  the  50  specimens,  2C2 
and  2D2,  remain  in  the  virgin  STA  state. 

Apparatus  and  Procedure 

Each  of  the  experiments  in  this  progrcim  was  performed  in  a 
servo-controlled  electrohydraulic  test  system  in  strain  control  with  all 
specimens  being  subjected  to  a fully  reversed  forcing  function.  The  environ- 
ment was  prepurified  laboratory  argon  (99. 9*^8  percent  minimum  purity',  the 
testing  being  performed  at  a temperature  of  (538  C)  1000  F,  as  detailed 
below.  Although  the  majority  of  testing  was  done  in  an  inert  atmosphere,  some 
portion  of  the  baseline  data  were  developed  in  an  ambient  laboratory  air 
environment.  A check  of  the  oxide's  character  revealed  little  difference 
between  these  atmospheres,  nor  was  there  any  detectable  difference  in  the 
fatigue  resistance,  probably  because  of  the  relatlvelv  short  testing  time. 
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Strain  was  controlled  over  a 1.905  cm  (0.750  in)  gage  length  using 
a clip'on  extensometer  calibrated  to  ASTM  Class  Bi.  The  extensometer  was 
typical  of  that  used  in  elevated  temperature  testing.  Two  high-purity 
alumina  probes  with  knife-edge  points  were  lightly  clamped  against  the 
specimen  gage  section.  These  probes  were  connected  to  a bracket  with  two 
parallel  beams  joined  together  by  a flexible  elastic  hinge.  The  transformer 
of  a magnetically  shielded  linear  variable  differential  transformer  (LVDT) 
was  attached  to  one  beam  and  the  core  was  attached  to  the  other  beam.  Thus, 
the  output  signal  obtained  from  the  LVDT  was  directly  proportional  to  the 
average  deformation  over  the  gage  length.  The  mass  of  the  extensometer  was 
counterbalanced  and  supported  at  the  center  of  gravity  to  minimize  probe 
force.  While  no  specimens  failed  because  of  knife-edge  notching,  one 
specimen  did  fail  as  a result  of  knife-edge  slippage  into  a propagating 
fatigue  crack.  Two  strain  cycles  which  employed  several  combinations  of 
strain  range,  waveform,  and  frequency  were  imposed  on  set-up  specimens  to 
establish  the  character  of  the  deformation  response  of  the  IN-718  material 
at  538  C,  under  systematic  variations  in  these  variables.  The  results 
showed  no  observable  difference  between  constant  strain  rate  and  sinusoidal 
results  for  frequencies  from  0.1  to  1 Hz  over  the  range  of  strain  of  interest 
in  this  program.  Therefore,  for  the  remainder  of  the  testing,  strain  was 
programmed  to  follow  a sinusoidal  waveform  at  frequencies  ranging  from 
0.1  to  1 Hz,  depending  on  the  amplitude  of  the  control  strain.  The  ability 
of  the  extensometer  to  operate  over  this  range  of  frequencies  was 
independently  verified  as  a function  of  the  strain  amplitude  prior  to 
beginning  the  test  program.  Strain  was  controlled  to  within  1 percent  of 
the  programmed  signal.  The  extensometer  calibration  was  performed  at  the 
outset  and  verified  several  times  during  the  test  program. 

Specimens  were  heated  by  high-frequency  induction,  and  temperature 
was  controlled  by  a standard  proportional -type  power  controller.  The 
geometery  of  the  heating  coll  was  designed  to  minimize  temperature  gradients 
in  the  test  section.  A specimen  instrumented  with  five  Chrome 1-Alumel 
thermocouples  spot-welded  along  the  gage  length  was  used  to  verify  this 
design.  With  the  final  design,  the  peak  temperature  was  within  + 1 percent 
of  the  desired  value,  and  the  overall  gradient  was  less  than  2.5  percent. 
During  fatigue  testing  the  control/feed-back  temperature  was  obtained  from 
a thermocouple  looped  about  and  in  contact  with  the  gage  section  of  the 
test  specimen.  Temperature  was  controlled  to  ± 2.8  C (5  F)  during  test. 
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Load  was  monltorod  In  all  tosts  vislntj  a v-ommoro  i a 1 1 v availablo 
load  cell  mounted  In  series  with  the  speoimen.  I'a 1 Ih rat  ton  ot  the  U'ad 
ooll  was  perlormed  prior  tv',  ami  vet  it  led  imiio  during;,  t ht-  (o';!  proittam. 

The  load  oell  was  ohserveii  to  he  aoour.tte  and  linear  within  t'.l  p<'t  oent  ot  t lii' 
operating  range  used  in  the  present  program.  A peak  loadi  detector  w.is 
incorporated  in  the  control  loop  for  use  in  determining  crack  initiation 
based  on  load  drop  from  the  .saturation  istable  cyclic)  load  istress)  level. 

All  specimens  were  gripped  in  a fixture  arrangement  similar  to 
that  detailed  in  Reference  tlJ).  It  is  noteworthy  that  such  an  arrangement 
features  a liquid-solid  Wood's  metal  grip  which  serves  to  minimize 
specimen  mounting  stresses.  Prior  to  commencing  the  test  progr.im,  the 
alignment  was  adjusted  to  minimize  bending  strains,  the  .adopted  standard 
being  bending  strains  less  than  1 percent  of  the  Impi'sed  axi.al  str.tin. 

Monotonlc  and  cyclic  deformation  response  was  recorded  continuouslv 
during  the  first  ton  cycles  and  at  logarithmic  Intervals  theiealtev  on  .an 
.\-Y  recorder,  while  both  load  and  strain  along  with  temperatviro  were  contin- 
uously recorded  on  a time -based  strip  chart  lecorder. 

Before  commencing  with  the  experimental  program,  the  cK'sed  loop 
system  was  tuned  to  establish  the  optimum  system  g.ain.  Concurrently,  t lie 
load  cell  and  extensometer  were  calibrated  along  Xv'ith  the  rel.ated  recoioiing 
devices.  After  this  preliminary  ph.ase,  the  test  ph.ase  began.  I'Ik' 
procedure  used  for  each  test  follows:  after  mounting  the  specimens  in  t lu- 
upper  grip,  the  load  train  was  closed  in  load  control  and  the  I iquld-si'l id 
grip  frozen.  (All  grips  were  watorco>^led  during  testing.'  Malnt.ainlng 
the  system  at  zero  load,  the  extensometer  was  mounted  and  za'ii'  suppressed 
and  all  recording  devices  activated  and  zero  suppressed.  Subsequent  1 v . the 
induction  heating  svstem  was  activated,  and  the  load  tr.iln  w.is  allowed  to 
equilibrate  for  1 hour  after  the  testing  temperature  was  reached.  The 
system  was  then  .switched  to  strain  control  and  allowed  to  stahllire  beioie 
beginning  the  strain  cycling.  Puring  this  stab  1 1 1 zat  ion  periovt,  the  envuon- 
mental  chamber  was  .sealed  and  purged  at  a flow  rate  of  ' cfm  for  J lunirs. 
During  testing,  the  clnunber  was  held  at  a positive  hack  pressure  equ.il  to 
1 inch  of  water.  In  tests  where  the  system  had  to  ho  periodically  shut 
down  and  restarted  (such  as  for  predamage),  care  was  t.ikcn  to  unload  atnl 


31 


thereafter  reload  without  inducing  spurious  mean  stresses.  All  tests 
were  terminated  eitlier  upon  reaching  a prescribed  level  of  damage  or  at 
failure . 

Tost  1’roc.ram 

Table  5 details  the  final  test  program  to  generate  results  for 
assessing  the  feasibility  of  HIP  rejuvenation  of  fatigue  damage  in 
extruded  and  STA  lN-718.  This  matrix  was  patterned  after  that  set  forth 
as  the  Actual  Test  Matrix  in  Table  1.  Tests  were  initially  performed 
to  establish  the  strain  amplitude  for  the  ensuing  feasibility  assessment. 
That  strain  amplitude  had  to  concurrently  satisfy  three  requirements; 
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Prom  the  results  of  13  tests  wliich  encompassed  strain  ranges  from  3.12  percent 
to  0.53  percent,  that  strain  level  was  detemiined  to  be  0.80  percent.  Results 
of  the  13  tests  are  presented  later  in  Tables  8,  ^ and  10.  Tlie  data  reported 
in  Table  8 represent  experiments  designed  to  show  the  progress  of  fatigue 
danvage  with  increasing  cycles.  TVo  strain  amplitudes  presumed  to  bound 
the  above  three  requirements  were  selected.  Tliese  data  wore  essential  to 
establish  the  crack  initiation  life  and  subsequent  crack  propagation 
behavior  necessary  to  define  the  predamage  levels  described  below.  Tlu' 
data  in  Tables  d and  10  establish  the  baseline  to  assess  the  extent  of 
rejuvenation. 

To  differentiate  between  the  different  levels  of  fatigue  danuge 
given  the  specimens  prior  to  the  rejuvenation  treatments,  the  following 
designations  are  introduced; 

• Level  Zero  pre-damage;  specimens  given  no 
previous  fatigue  cycling 

• Level  line  pre-damage;  specimens  cycled  Just 
short  of  crack  initiation 

• Level  TVo  pre-damage;  specimens  containing 
known  cracks. 

Results  of  tests  that  pertain  to  the  rejuvenation  process  are  presented  later 
in  Tables  10  and  11. 
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RESISTS  .\ND  DISCUSSION 


The  results  are  presented  in  four  sections  which  approximate 
the  four  general  task  areas  in  the  program:  (i)  the  determination 
of  the  effect  of  HIP  on  the  microstructure  and  properties  of  the  extruded 
and  STA  bar,  (ii)  the  coating  and  refinishing  investigation  to  ascertain 
the  best  method  to  prepare  the  surface  and  bridge  surface  cracks,  tiiil  the 
fatigue  characterization  and  rejuvenation  studies,  and  iiv)  metal lograph ic 
examination  of  fatigue  damage  and  the  response  of  damaged  specimens  to 
HIP.  The  first  two  aspects  are  considered  in  the  context  of  the 
rejuvenation  process  parameter  development.  The  last  two  topics  are 
examined  in  terms  of  the  application  of  the  chosen  process  parameters  to 
fatigue  damage  rejuvenation. 

Rejuvenation  Process-Parameter  Developmen t 


HIP  Studies 

The  objective  of  this  phase  of  the  program  was  to  ascettain  tlie 
effect  of  HIP  on  the  microstructure  and  the  tensile  and  t.itigue  propertiv's 
of  the  extruded  and  ST.A  bar.  The  specimens  to  be  discussed  liero  were 
HIP  in  the  first  through  tliird  HIP  experiments  described  earlier  in  the 
Experimental  Procedures  section. 

Microstructure . The  first  specimens  to  be  HIP  tor  mi crost rue t ura I 
examination  were  also  designed  to  provide  evidence  of  the  effect  ot  the 
selected  HIP  conditions  on  closure  of  holes  and  bonding  of  surfaces. 

Bonding  couples  of  2.5  cm  segments  of  extruded  and  STA  rod  were  prepared 
by  grinding  one  end  surface  flat  on  each  segment  and  drilling  a n mm  (0.2''  inch") 
diameter  conical  indentation  In  one  surface  to  represent  a cavity.  After 
cleaning  the  surfaces,  two  such  segments  were  gas  tungsten  arc  (OT.M  weUied 
together  around  the  circumference  of  the  mating  surfaces  while  inside  an 
argon  filled  chamber. 
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For  the  preliminary  HIP  cycles,  it  was  decided  to  duplicate  the 
conditions  used  to  HIP  IN-718  castinjis,  followed  by  the  duplex  age  as 
described  previously.  The  microstructure  before  HIP,  that  of  tlie  extruded 
and  STA  material,  is  shown  in  Figure  After  HIP  the  bands  of  acicular 

precipitate  are  absent,  but  the  rows  of  equiaxed  carbides  remain,  as 
shown  in  Figure  9a.  The  bond  line  at  the  mating  surface  between  the  two 
halves  of  the  bonding  couple  runs  across  the  micrograph.  Stringers  of 
fine,  dark  particles  similar  to  those  referred  to  as  inclusions  are  still 
present  in  the  upper  half  of  the  couple  (Figure  9a)  after  HIP,  but  these 
areas  are  not  coraiiion.  In  the  first  HIP  experiment,  whlcl»  took  12  hours 

to  attain  the  HIP  conditions,  'he  grain  sizes  of  the  specimens  (from  Bars 
A and  7)  were  ASTM  1 to  0 i250  to  350  um) . In  the  succeeding  HIP  experi- 
ment, which  took  only  hours  to  reach  the  HIP  conditions  and  was 

representative  of  the  others,  the  average  grain  size  of  a specimen  from 
Bar  8 was  .ASTM  3 to  fdQ  to  120  urn)  with  a finer  grain  size,  ASTM  5 to  b 
(40  to  bO  urn)  in  the  bands  of  fine  carbide.  I’herefore,  the  larger  grain 
size  in  the  first  HIP  experiment  was  attributed  to  the  longer  time  at 
temperature.  The  microst ructure  from  the  second  HIP  cycle  was  then  taken 
to  be  representative  of  the  microstructure  after  HIP  for  the  succeeding 
HIP  experiments.  The  acicular  Ni^Nb,  the  '("-NijNb  platelets,  and  the  Laves 
phases  have  been  dissolved  by  the  HIP  treatment,  resulting  in  an  overall 
homogenization  ot  the  microstructure.  The  fine  coherent  >"-Ni3Nb  plate-like 
precipitate  in  the  matrix,  shown  in  Figure  9b,  is  more  evident  after  HIP 
tlian  before,  presumahlv  because  more  Nb  is  available  for  the  coherent 
preclpit.ite  formation  after  the  large  Ni^Nb  platelets  and  Laves  phases 
were  dissolved  during  HIP. 

Bonding  Studies.  Four  tITA  welded  boi\ding  couples  were  prepared 
.IS  described  In  the  previous  sect  ion  on  microst ructure.  These  were  then 
examined  for  closure  of  the  conlc.tl  drilled  hole  and  .lending  ot  the  mating 
surfaces  .jfter  HIP.  The  first  two  couples  were  included  together  in  a 
HIP  cvcle,  one  wr.ipped  in  stainless  steel  toil  and  one  unwr.ipped.  This 
first  HIP  cycle  was  heKi  quite  long  at  higiier  temperatures  due  to  control 
problems.  The  surf.tce  of  tite  wr.ipped  specimen  came  out  shiny  and  clean 
.if ter  HIP,  bu*  the  unwr.ipped  specimen  h.id  .i  black  chromium  oxide  coating. 
The  sur f ace-.it  fected  l.iver  in  this  specimen  w.is  examined  on  .i  t.iper  section 
giving  i lO.X  .ipp.irent  m.ign  i f ic.i  t i I'li . 11'*'  attected  l.iver  extended  ttf* 
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deep  and  included  a 2 ntn  thick  oxide  layer,  a 7 thick  region  of  inter- 
granular attack  and  an  18  thick  carbide  depleted  zone.  Subsequent 
sectioning  of  the  couples  after  aging  showed  that  bonding  between  the  two 
halves  of  the  couples  was  intermittent,  possibly  because  of  the  presence 
of  some  oxide  film  or  residue  on  tlie  mating  surfaces  (Figure  9a').  Very 
little  grain  growth  across  the  interfaces  was  observed,  although  the  HIP 
conditions  were  sufficient  to  cause  collapse  of  the  large  conical  voids. 

The  interfaces  after  HIP  did  etch  unevenly,  similar  to  the  grain  boundaries. 
Significant  grain  growth  occurred  during  this  prolonged  HIP  cycle,  with 
grain  sizes  being  larger  than  ASTM  1 (250  nm)  in  some  regions. 

Another  bonding  couple  was  included  in  a second  normal  HIP 
cycle.  This  specimen  had  no  significant  areas  of  nonbonding  and  only 
a few  spherical  voids  or  inclusions  remained  in  the  interface  (Figure  (O'). 
There  was  also  significantly  more  grain  growth  across  the  bond  interface 
than  was  found  in  the  earlier  specimens.  Tliis  is  particularly  noticeable 
toward  the  periphery  of  the  specimen  (but  well  inside  the  weld  beads 
originally  joining  the  two  components).  The  grain  size  of  this  couple 
averaged  ASTM  3.5  ("^  0.10  mm)  in  the  HIP  + aged  condition. 

Mechanical  Properties.  The  hardness  of  the  material  after  HIP 
was  relatively  low,  averaging  245  DPH  (approximately  21  Rc  or  233  BHN),  but 
increased  to  about  415  DPH  (approximately  42  R(^  or  392  BHN)  upon  subsequent 
aging,  nearly  that  of  the  extruded  and  STA  baseline  material. 

The  tensile  properties  of  the  IN-718  extrusions  after  HIP  and 
subsequent  aging  were  measured  at  both  room  temperature  and  649  C (1200  F) 
for  comparison  with  published  AMS  5662B  specifications  for  wrought,  solution 
treated  and  aged  material.  Duplicate  tests  were  conducted  at  each  temperature 
using  standard  ASTM  ".505"  specimens  and,  as  shown  in  Table  5,  the  tensile 
properties  of  the  HIP  material  compare  very  favorably  with  the  specification 
values  despite  significant  grain  growth.  This  behavior  is  in  contrast 
to  the  response  at  538  C which  showed  these  properties  to  be  somewhat 
less  than  those  published  trends  (Figure  5").  More  importantly,  however, 
the  stress  response  of  all  tensile  specimens  was  completely  smooth  at 
both  room  temperature  and  649  C with  no  evidence  of  the  serrations  ex- 
perienced with  the  extruded  and  STA  material.  In  addition,  the  differences 


in  the  streniith  and  modulus  values  for  the  individual  test  specimens 
at  each  temperature  are  small.  Since  each  specimen  was  machined  from 
a different  extruded  rod,  these  results  strongly  indicate  that  KIP 
followed  by  the  appropriate  a>;ing  treatment  causes  significant 
homogenizat ion  of  the  extruded  material  in  support  of  the  metallographic 
results,  and  has  a normalizing  effect  on  mechanical  properties. 

The  538  C (1000  F)  LCF  fatigue  properties  of  two  extruded  and 
ST.\  test  bars  after  HIP  and  aging  showed  approximately  15  percent  higher 
cyclic  life  than  the  baseline  material.  This  relatively  small  change  in 
fatigue  properties  is  attributed  to  counteracting  effects  of  coarser  grain 
size  decreasing  fatigue  life  and  homogenization  of  the  microstructure 
increasing  fatigue  life.  These  properties  are  discussed  at  length  in 
Che  fatigue  section. 

This  second  HIP  experiment  was  satisfactory  in  several  ways.  It 
materially  homogenized  the  microstructure  without  causing  an  unacceptable 
increase  in  grain  size  much  beyond  ASTM  4.  This  is  the  maximum  acceptable 
grain  size  designated  in  the  military  specification  AMS  5662B.  In 
addition,  the  room  temperature  and  649  C (1200  F)  tensile  properties  were 
close  to  or  exceeded  the  minimum  specified  by  AMS  5662B  (Table  3).  It 
is  seen  later  that  the  fatigue  properties  of  the  control  specimens 
HIP  in  this  cycle  were  not  too  different  from  the  baseline  properties. 

In  addition,  it  was  expected  that  lower  temperatures  might  not  produce 
bonding  of  cracks.  Thus,  the  higher  HIP  temperature  was  used  throughout 
the  remainder  of  this  investigation. 

It  should  be  mentioned  here  that  grain  sizes  measured  later  in 
the  program  on  sections  taken  from  the  fatigue  bars  showed  a much  larger 
increase  in  grain  size  after  HIP  than  the  metallographic  specimen 
referred  to  above,  which  was  to  provide  the  background  for  the  micro- 
structural  changes  occurring  during  HIP.  The  grain  sizes  in  the  fatigue 
bars  were  ASTM  1 and  larger,  in  the  range  200  to  400  pm.  The  effects 
of  these  larger  grain  sizes  are  discussed  later  along  with  the  fatigue  results. 


38 


r 


Coating  Studies 

The  purpose  of  this  phase  of  the  program  was  to  investigate  the 
feasibility  of  bridging  surface -connected  fatigue  oraeks  with  a ooat inc 
applied  by  a physical  vapor  deposition  (I’VP>  process  t sput  t er  ing' . so  that 
a subsequent  HIP  operation  could  effect ivelv  tieal  them.  The  approach  was 
to  apply  IN-718  superalloy  onto  IN-'IS  simulated  crack  coupons,  .uui  later 
onto  fatigue  bar  specimens.  Roth  single  and  multiple  co.it  ings  were 
tried.  The  effort  included  examination  of  different  treatments  ot  the 
surface  before,  between,  and  after  applying  the  coatingts^.  The  coating 
composition,  thickness,  densitv,  and  .idherence  were  the  parametcis  studu'd. 

The  coating  program  was  c.uried  out  in  three  stages: 

(1)  Determination  of  the  su i t.ib i 1 i t v of  m.ignetron  sputti'ring 
for  depositing  IN-'l'^  coat  ings  ot  acceptable  .ilK'v 
composition  and  the  limitations  of  cra-k  bridging 
capabilitv  of  magnetron  sputtering  using  simul.iti'd 
crack  specimens 

(2)  Development  of  mechanical  surface  treatments  to  bridge 
cracks  wider  than  those  wliich  could  be  bridged  bv 
sputtering  alone 

(31  Development  of  fixtures  and  procedures  from  tP  .ind  (.21 
above  for  coating  actual  fatigue  b.irs. 

Coating  and  Surface  Treatment  Studies . .Nn  initial  series  o t 
simulated  crack  specimens  was  developed  to  investig.ite  different  methods 
of  bridging  cracks,  both  coating  alone  and  in  combination  with  other  surface 
treatments.  Each  specimen  in  this  series  of  twelve  specimens  w.is  fabricated 
bv  stacking  five  layers  of  3 mm  (0.125  Inchl  tliick  slieet  of  IN'-TU''  to 
form  four  cracks  of  different  widths  between  neighboring  sheets.  After 
degreasing,  three  of  the  four  "open"  surfaces  on  each  stack  of  covipons 
were  welded  by  gas  tungsten  arc  (CT.A)  welding  in  .in  argon-filled  chamber. 

The  remaining  open  face  then  presented  four  simulated  cracks  having 
nominal  widths  of  (i)  a "tight"  crack  of  a few  micrometers,  (iil  25  um 
(0.001  Inch),  (lii)  150  urn  (0.00b  inchl , ( ivl  250  „m  iO.OlO  inchl . Although 
the  narrow  cracks  were  of  most  Interest  to  this  program,  the  wider  cracks  veere 
included  so  that  infornuition  could  be  obtained  to  vietermine  the  m.iximum  crack 
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opening  for  which  a particular  method  might  be  applicable.  If  a substantial 
crack  opening  could  be  bridged,  this  would  increase  the  confidence 
level  of  the  method's  application  to  narrower  cracks. 

With  these  twelve  specimens,  the  six  treatment  sequences  listed 
in  Table  6 were  evaluated.  Duplicate  specimens  were  prepared  for  each 
condition.  The  rationale  for  the  conditions  selected  are  as  follows. 

The  basic  condition  is  to  apply  a PVD  or  ceramic  coating  only,  over  smooth, 
untreated  surfaces  with  the  original  range  of  crack  widths.  There  is  also 
the  possibility  that  shot  peening  cracks  will  close  the  cracks  some- 
what, depending  on  their  original  width,  and  enable  the  subsequent  PV'D 
or  ceramic  coating  to  bridge  a wider  starting  crack  than  would  be  possible 
without  shot  peening.  The  shot  peen  followed  by  an  anneal  to  recrystallize 
the  cold  worked  peened  layer  was  intended  to  determine  whether  peening 
alone  could  seal  narrow  cracks  sufficient  for  HIP  closure,  as  observed  in 
another  material  by  General  Electric/AEG,  Evendale.  Finally,  an  attempt 
to  look  into  a simple  pickling  procedure  as  a surface  and  crack  cleaning 
option  was  included  in  the  series.  To  avoid  the  possibility  of  not 
bonding  because  of  a defective  coating  rather  than  by  the  characteristics 
of  the  cleaned  surfaces,  the  cracks  in  the  pickled  specimens  were  closed 
by  a plate  of  IN-718  electron-beam  welded  over  the  top  of  the  specimen. 

After  welding,  but  before  further  coating  or  treatment,  the 
open  surface  _ ach  specimen  was  ground  through  No.  600  grit  paper  to 
even  the  surface.  The  specimens  were  then  pickled  5 minutes  in  a solution 
of  8 parts  H2O,  2,5  parts  HNO3  and  0,5  part  HF  to  remove  any  oxide, 
followed  by  a water  rinse.  To  further  clean  the  cracks,  the  specimens 
were  leached  1 minute  in  a solution  of  1/3  HNO3  and  2/3  HCl.  After  this, 
they  were  water  rinsed,  ultrasonically  cleaned  in  200-proof  alcohol,  then 
air  dried  at  100  C. 

The  PVD  coatings  of  75  to  250  um  (0.003  to  0.010  inch)  thick  were 
deposited  at  10  to  25  ym/hr  (0.0004  inch/ hr) . Substrate  temperatures 
ranged  from  200  to  500  C.  Both  the  shot  peening  and  the  ceramic  coating, 
Solaramic  5210,  were  carried  out  by  General  Electric, 'AEG,  Ev’endale. 

Steel  shot  was  used  for  shot  peening.  The  specimens  appeared  as  shown  in 
Figure  11  after  surface  treatment  but  before  HIP.  Before  surface 
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TABLE  6 


1 


SL'MMARY  OF  THE  SURFACE  COATINGS  AND 
TREATMENTS  GIVEN  THE  FIRST  SERIES  OF 
SIMUIATF.n  CRACtf  RPFPTNfFMt; 


• PVD  coated  with  250  pm  coating  of  IN-718 

• Ceramic  coated  with  Solaramic  5210  coating 

• (i)  Shot  peened  surface  to  0.015A  intensity^^^ 

(ii)  Ceramic  coated  with  Solaramic  5210  coating 

• (i)  Oxidized  6 hr  at  816  C in  air 

(ii)  Cleaned  with  HNO3-HF  solution ultrasonic  rinse  in 
water  and  alcohol,  air  dried  at  100  C 

(iii)  Plate  of  IN-718  welded  over  surface^*^) 

• (i)  Shot  peen  to  0.015A  intensity 

(ii)  Recrystallize  anneal  1 hr.  at  954  to  982  C in  vacuum 

• (i)  Shot  peen  to  0.015A  intensity 

(ii)  PVD  coated  with  250  pm  coating  of  IN-718 


(a)  "A"  is  a scale  of  intensity  for  shot  peening. 

(b)  The  pickling  solution  consisted  of  8 parts  H^O,  2.5  parts  HNO3  and 
0.5  part  HF.  The  specimen  was  pickled  10  minutes  at  32  C (90  F) . 

(c)  Electron  beam  welded. 


1 

I 
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treatment,  the  specimens  looked  similar  to  Specimen  7 (Figure  11). 

Six  specimens,  one  for  each  condition,  were  HIP  at  1163  C 
(2125  F)  and  103  MPa  for  2 hours  followed  by  a 1 hour  1066  C (1950  F)  in-situ 
pressure  anneal.  .After  HIP,  the  specimens  were  examined  visuallv,  helium 
,<■  pressure'  leak  tested,  and  sectioned  for  metallographic  examination  with.out 
subsequent  aging.  ^ 

Only  the  cracks  in  the  shot  peened  and  ceramic  coated  specimen. 

N'o.  8,  were  found  to  be  completely  closed  and  bonded.  Figure  12,  The 
unpeened  ceramic  coated  specimen.  No.  11,  showed  some  evidence  of  partial 
bonding  in  the  narrower  cracks  but  also  showed  intrusion  of  the  ceramic 
coating  into  the  cracks  during  HIP.  The  wider  cracks  were  not  bridged 
(Specimen  11,  Figure  11),  indicating  that  cracks  in  the  range  of  50  to  150  urn. 
wide  and  wider  cannot  be  bridged  by  the  ceramic  coating  alone.  .After  HIP, 
the  coated  surfaces  of  both  ceramic  coated  specimens  had  a thin,  20  ..m  wide, 
surface  interaction  cone  resulting  from  an  interaction  between  the  coating 
and  IN-718  substrate  during  HIP  (Figure  133. 

It  should  be  noted  that  very  little  ceramic  coating  remained  on 
the  surface  of  the  specimens  after  HIP.  There  were  strong  indications 
that  rather  than  spalling  off  during  cooling,  the  coating  had  become  sufficiently 
liquid  at  the  HIP  temperature  to  run  off  the  surface  during  HIP.  Thus, 
this  ceramic  coating  is  able  to  effectively  bridge  narrow  cracks,  especially 
if  the  opening  is  narrowed  bv  prior  shot  peening.  The  intrusion  of  the 
coating  into  the  cracks  can  be  prevented  by  shot  peening  or  a PVD  coatinc 
to  bridge  the  cracks  before  coating  with  the  ceramic. 

Neither  of  the  magnetron  PVD  coated  specimens  (Nos.  7 and  63 
showed  evidence  of  crack  healing,  Metallographic  examination  showed  that 
the  PVD  coating  did  not  adhere  to  the  peened  specimen.  No.  6,  probably 
due  to  insufficient  cleaning  of  the  peened  surface  prior  to  coating.  In 
the  unpeened  specimen,  the  coating  adherence  was  good,  and  the  two  narrower 
cracks  (25  and  30  um  wide)  appeared  to  be  bridged  even  though  thev  did  not 
heal.  Post-HTP  sectioning  of  this  specimen  showed  that  these  narrow  cracks 
were  propagated  nearly  all  the  way  through  the  coating  because  of  the  surface- 
normal  -oriented  growth  tendency  of  the  coating.  Typical  bridged  and  unbridged 
regions  over  the  two  narrow  cracks  are  shown  in  Figure  14.  Thus,  even  the 
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in  Specimen  1 over  crack  25  pm  wide 
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(b)  I’nbridged  region  in  Specimen  I over  crack  38  pm  wide 

Figure  V* . Appearance  of  WD  Coating  (.'ver  Cracks  in 
Specimen  7,  Unpeened  Surface.  After  HIP. 

The  layering  of  the  Coating  Was  Caused  By 
an  Interruption  in  Sputtering  Power, 
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narrow,  seemingly  bridged  cracks  in  the  PVD  coated  specimens  did  not 
close  and  bond  because  coating  defects  somewhere  along  the  crack  prevented 
the  coating  from  isolating  the  crack. 

From  these  results,  it  is  clear  that  great  care  is  required 
to  get  clean  surfaces  for  good  PVD  coating  adherence  after  surface  treatments 
such  as  shot  peening.  Also,  although  cracks  of  25  to  40  pm  can  be  bridged 
by  a 250  Pm  thick  PVD  coating  of  IN-718,  ways  must  be  found  to  ensure  that 
coating  defects  are  eliminated.  Possible  approaches  are  multiple  coatings 
and  interim  mechanical  surface  treatments  such  as  shot  peening. 

Of  the  cracks  which  were  only  shot  peened  and  annealed  prior  to 
HIP,  one  of  the  narrow  cracks  appears  to  have  partially  bonded.  The  other 
narrow  crack,  which  was  not  bonded,  exhibited  a helium-detectable  leak  In  tb.e 
weld  area  adjacent  to  one  end  of  that  crack  when  checked  after  HIP.  It  is 
possible  that  the  leaky  weld  prevented  crack  closure  and  bonding  in  tl^is 
case.  The  edges  of  all  the  cracks  were  heavily  worked  by  the  peening.  The 
edges  of  the  wider  cracks  were  peened  well  into  tlie  crack  and  exhibited 
considerable  cracking  after  HIP. 

It  is  interesting  that  none  of  the  cracks  in  the  shot  peened  and 

PVD  coated  specimen  (No.  6)  closed,  while  the  narrow  crack  in  the  shot  peened 

and  annealed  specimen  (No.  5)  did  close  .ind  bond.  Both  specimens  were 
shot  peened  under  identical  conditions  and  the  narrower  cracks  were  completelv 
peened  closed.  This  would  indicate  that  the  recrystall  i.-ation  anneal  of  the 
peened  layer  might  help  to  "heal"  together  the  peened  edges  of  the  crack. 

No  bonding  was  detected  in  the  oxidiced  and  pickled  specimen 

because  of  a gas  leak  defect  in  the  side  GTA  welds  joining  the  pl.ites  together. 

It  is  not  known,  however,  whether  this  leak  was  generated  during  welding, 
oxidation  and  pickling,  or  HIP.  In  this  type  of  specimen  a leak  in  any  one  of 
the  welds  is  open  to  all  the  cracks  because  the  Individual  cracks  arc  not 
sealed,  as  in  the  other  specimens.  Thus  no  conclusions  regarding  tlie  bonding 
of  oxidized  and  pickled  surfaces  could  be  drawn  from  this  specimen,  but  a 
duplicate  specimen  was  included  in  the  next  series  of  simulated  crack 
specimens . 

.1  second  series  of  simulated  crack  specimens  was  designed 
to  expand  on  the  surface  t reatment /coat ing  sequences,  based  on  the  results 
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of  the  first  series.  Twelve  2.5  by  2.5  by  1.9  cm  (1  by  1 by  0.75  inch) 
specimens  were  fabricated  from  three  coupons  of  0.6  cm  (0.25  inch)  thick 
IN-718  plate  stacked  and  welded  together  on  three  sides.  Each  coupon  had 
two  simulated  cracks,  one  with  essentially  no  width  dimension  and  one 
having  a width  of  either  20  to  25  urn  (0.0008-0.001  in.)  or  50  to  100  um 
(0.002-0.004  in.) . 

The  twelve  conditions  selected  are  shown  in  Table  7 along  with 
two  duplicate  conditions  from  the  first  series.  The  rationale  for  selection 
of  these  conditions  was  as  follows.  It  was  concluded  from  the  first  series 
of  experiments  that  an  Initial  surface  treatment  to  mechanically  close  the  cracks 
considerably  enhances  the  probability  that  subsequent  coating  will  seal  the 
crack  opening.  Two  types  of  mechanical  surface  treatment  were  selected,  glass- 
bead  shot  peening  and  wire  brush.  Glass  bead  peening  was  chosen  over  steel  shot 
to  decrease  the  Intensity  of  peening  on  the  surface  compared  to  the  severe 
peening  given  the  first  series  specimens  (Figure  11),  which  significantly 
altered  the  surface  finish.  The  glass  shot  peening  used  nominally  500  um 
diameter  bends  under  0.30  MPa  (44  psi)  air  pressure  at  a standoff  distance 
of  7.6  cm  (3  inches)  or  0.33  MPa  (48  psi)  pressure  at  3.8  cm  (1.5  inches)  for 
1 minute.  After  coating,  a milder  peen  was  used,  0.14  MPa  (20  psi)  air  pressure 
at  7.6  cm  (3  inches)  for  10  seconds.  The  wire  brush  was  a still  milder  form 
of  treatment  to  minimize  the  disturbance  to  the  surface  while  still  partially 
closing  the  narrow  cracks.  Wire  brushing  has  one  disadvantage  in  that  it  tends 
to  open  one  edge  of  a crack  while  it  is  closing  the  other. 

It  was  decided  that  a coating  was  required  to  ensure  sealing  of  cracks 
even  though  mechanical  closure  can  be  achieved  by  methods  such  as  shot  peening. 
The  lighter  peening  selected  for  this  series  would  not  be  expected  to  close 
cracks  nearly  as  effectively  as  the  severe  steel  shot  peen  given  the  first 
series.  In  addition,  a permanent  PVD  coating  has  some  advantages  which  make 
it  desirable  to  Include  it  in  the  rejuvenation  sequence.  For  example,  it 
replaces  material  lost  by  oxidation  or  erosion.  It  also  adds  material  which 
could  be  subsequently  removed  in  part,  either  to  provide  the  desired  surface 
finish  to  final  dimensions  or  to  remove  surface  reaction  layers  developed  during 
processing,  or  both. 
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Vapor  blast  liquid  grit  honiag  was  included  because  it  lias  been 

[ found  to  provide  a good  clean  surface  which  enhances  the  adherence  of  PVD 

i 

coatings.  It  will  be  used  to  remove  the  light  oxide  coating  on  the 
fatigue  tested  bars  before  coating,  but  it  would  help  in  closing  only  the 


very  tight  cracks.  Sanding  was  tried  because  it  could  simulate  a process 
required  to  smooth  a peened  and  coated  surface. 

The  PVD  coatings  had  an  undesirable  tendency  to  reproduce  the 
substrate  surface  contour  in  the  coating,  resulting  in  the  cracks  being 
extended  into  the  coating  for  some  distance.  To  avoid  this,  different 
sequences  of  multiple  coatings  separated  by  a mechanical  surface  treatment 
were  investigated.  The  purpose  of  the  intermediate  mechanical  treatment 
was  to  homogenize  the  character  of  the  surface  of  the  previous  coating  so 
that  the  subsequent  coating  would  net  eottend  either  the  cracks  or  closure 
faults  present  in  the  underlying  coating. 

To  determine  whether  some  angle  of  coating  would  be  more  favorable 
to  crack  closure  then  the  usual  normal  direction,  one  experiment  was  tried 
wherein  the  specimen  was  first  tilted  at  AS'"  to  the  direction  of  sputtering. 
This  was  then  followed  by  peening  and  normal  coating. 

The  as-deposited  coatings  were  quite  hard,  having  a hardness  of 
DPH  579  (,R(j  52^.  (Compared  to  bulk  hardness  of  Rc  21  in  HIP  material  and 
RcA2  in  ST.'V  material).  This  hardness  is  probably  duo  to  both  the  fine  grain 
size  and  aging  of  the  coating  at  the  coating  temperature.  In  this  case, 
solution  treating  and  quenching  could  possiblv  increase  tlie  grain  size  and 
inhibit  precipitation  hardening  so  as  to  decrease  the  hardness  ot  the  coating. 
This  would  help  to  keep  the  coating  from  cracking  and  spalling  oft  during 
subsequent  shot  peening  of  the  coating.  In  addition,  this  anneal  could  serve 
as  a recrystallization  anneal  for  the  underlying  shot  peened  surface  layer 
as  done  in  the  first  series  of  experlment.s. 


Before  each  coating  cycle  the  specimens  were  cleaned  in  the 
pickling  solution  described  earlier,  for  1 minute  at  78  C (180  F).  After 
this  treatment  the  specimens  were  ultrasonically  cleaned  in  w.ater  and 
elect ronic'grade  methyl  ethj'l  ketone,  and  dried.  The  methyl  ethyl  ketone 
leaves  no  residue  during  evaporation  after  flushing  the  cracks  cli-an.  The 
specimens  were  then  coated  with  100  u”!  (O.OOA  inch)  thick  coatings. 
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Inspection  ot  tho  coated  specimens  slu'weJ  that  the  narrow 
cracks  loss  than  um  tO.iHIl  inclO  in  width  were  brid^jed  without  shot 
peenin^  to  close  the  cracks.  The  results  with  the  lar>;er  cracks  were 
inconsistent,  but  in  >;eneral  cracks  less  than  "^0  ..m  vcide  that  had  been 
peened  bridged  satisfactorily.  Larger  cracks,  and  those  that  were  wire 
brushed,  did  not  bridge.  When  shot  peened  .ifter  co.uing,  some  of  tlie  l.irger 
cracks  showed  cracking  of  the  coating  next  to  the  crack  in  the  substr.ite. 

The  coating  was  evident  Iv  too  thin  .utd  brittle  to  deform  and  fli'w  into  the 
substrate  crack  during  peening  as  desired. 

In  addition  to  the  second  series  of  IJ  specimens,  J specimens 
containing  four  cr.jcks  each  were  included  from  the  first  series.  These 
.ire  shown  at  the  bottom  of  Table  7.  these  is  the  second  specimen 

to  be  oxidi.'.ed  then  pickled  and  cleaned  to  investigate  the  bonding 
behavior  of  oxidized  surfaces. 

The  overall  results  of  the  experiments  with  regard  to  crack 
bridging,  closure  and  tightness  ot  crack  .ire  summarized  in  T.ible  7.  Possible 
leaks  through  the  coating  or  weld  for  each  crack  were  looked  for  in  .i  simple 
test  bv  pressurizing  the  specimens  in  helium  .it  J.l  MP.i  t 100  psil  to  drive  g.is 
through  anv  leak  into  the  crack,  then  transferring  the  specimen  to  a 
methanol  bath  to  detect  bubbles  of  lielium  gas  esc.iping  frvmt  the  cr.ick.  Tliis 
method  will  work  for  a reasonable  range  of  defect  sizes,  but  will  lu't  wi'ik 
for  either  very  small  or  very  l.irge  defects.  None  of  the  cr.icks  in  which 
leaks  were  detected  before  HIP  closed  during  HIP.  Two  of  the  12  specimens 
were  not  included  in  the  HIP  experiment  because  le.iks  were  detecteil  in  both 
cr.icks. 

.•\fter  HIP,  all  of  the  specimens  were  sectioned  .ind  ex.imined  bv 
optical  microscopy.  Three  cracks  had  definitelv  closed  .ind  bonded.  All 
three  were  narrow,  2.5  um  wide,  and  had  been  peened  before  coating.  Two 
of  these  had  been  given  a double  sequence  of  peening  and  coating. 

Tvpical  appearances  of  the  crack-co.it ing  intersection  and  the 
crack  interface  along  the  bond  line  after  HIP  are  shown  in  Figures  15  and  Id. 
Figure  15  is  representative  of  Specimen  2-5  also.  Figure  15a  .^hows  a 
case  where  the  coating  adhered  well  during  HIP  .ind  Figure  Iba  shows  .i  c.ise 
where  the  coating  did  not  adhere  well.  Both  adhering  and  nonadhering  coatings 
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(b)  Bond  line  farther  below  coated  surface 

Figure  15.  Bridging  and  Healing  of  Crack  ^2.5  pm 
Width  before  HIP^ ; Coating  Sequence: 
Peen/Coat,  Specitaen  1-b. 
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were  also  associated  with  cracks  which  did  not  close  and  bond.  The 
sporadic  adherence  might  indicate  improved  cleaning  of  the  surface 
is  necessary  before  PVD.  Both  Specimens  1-2  and  2-5  had  a small  cluster  of 
what  appeared  to  he  recry'Stal lized  grains  at  the  crack-surface  intersection 
^Figure  ltvi>.  Tlie  bond  line  at  the  intersection  in  both  instances  shows 
a slight  deviation  which  may  have  existed  prior  to  HIP.  Tl^e  recrystallitation 
may  thus  be  caused  by  the  deformation  induced  by  squeezing  this  region 
together.  Alternatively,  it  could  be  caused  by  localised  deformation  induced 
by  peening  the  edges  into  the  crack. 

The  bond  lines  of  the  crack  interfaces  for  the  most  part  etched 
similarly  to  a grain  boundary.  Also,  the  bond  line  voids  being  spherical  indicated 
bondiixg  had  occurred.  There  were  regions  where  grain  growth  across  the  bond 
line  did  occur  during  HIP  (.Figure  I6b>.  Howvver,  in  many  regions  the  bond 
did  contain  a significant  amount  of  porosity  or  "dirt”  (.Figures  15  and  lo'i; 
this  bond  line  porsity  or  dirt  is  expected  to  weaken  the  bond  and  is  thus 
undesirable.  Improved  cleaning  techniques  for  cracks  ire  clearly  required  to 
remedy  this  situation. 

In  Specimen  2,  which  was  oxidized  and  then  cleaned  before  having  a 
lid  welded  over  the  top  of  the  cracks,  the  interface  had  an  appearance  as 
shown  in  Figure  17.  Tlie  cracks  had  all  closed,  but  instead  of  a simple 
bond  line,  a layer  of  finer  grained  material  lined  each  side  of  the  bonded 
crack.  The  bond  appears  to  be  very  good;  only  in  a few  places  was  the 
position  of  the  original  bond  line  discernible  ^Figure  ITa"*,  Although  both 
the  top  and  crack  surfaces  of  the  oxidized  specimen  had  the  fine  grained 
layer,  the  cover  plate,  which  had  not  been  oxidized,  did  not  show  this 
effect  ^Figure  I7b>.  Tlie  wedging  of  the  top  plate  into  the  crack  ^Figure  l»*b'' 
happened  because  this  particular  crack  was  a wide  crack.  Hie  cause 
for  the  fine  grained  region  is  not  certain.  The  sheet  used  for  these 
specimens  was  cold  rolled  and  aged.  One  rationale  is  that  subsurface 
internal  oxidation  or  nitride  or  carbide  formation  occurred  during  oxidation 
and  these  particles  inhibited  grain  growth  in  this  layer  during  HIP.  Any 
compositional  changes  in  this  reaction  zone,  e.g.  enrichment  of  nickel, 
nuiy  have  aided  the  diffusion  bonding  process.  This  observation  is  interest- 
ing in  that  it  suggests  that  some  oxidation  of  the  surfaces  to  be  bonded, 
e.g.  crack  surfaces,  may  be  beneficial  in  producing  surfaces  which  bond 
well  during  HIP. 
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(a)  Bond  line  away  from  specimen  surface 
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(b)  Crack  intersection  with  surface.  Top  part  is  the 

cover  plate  of  the  specimen.  Vertical  fine  grained 
region  marks  the  original  crack  location 

Figure  17.  Microstructure  of  Bond  Line  and  Surface  of  Oxidized 
and  Cleaned  Specimen  after  HIP.  Specimen  2 
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Examination  of  the  coatings  after  HIP  showed  that  despite  apparent 
integrity  of  the  coating  before  HIP,  the  specimen  may  react  to  HIP  as 
shown  in  Figure  18  to  rupture  the  coating.  l-Jhat  appears  to  have  happened 
in  Specimen  2-4  (Figure  18)  is  a relaxation  of  residual  weld  stresses 
or  some  other  source  of  shear  stress  during  HIP,  which  shifted  the  opposite 
sides  of  the  crack  sufficiently  to  break  the  coating  above  the  crack.  Tlie 
shift  is  only  10  um  at  Che  surface  as  measured  in  the  micrograph.  The  partial 
closing  of  the  crack  by  the  initial  shot  peening  is  also  visible  in 
Figure  18. 

Fatigue  Bar  Studies.  On  the  basis  of  these  investigations,  a pre- 
HIP  rejuvenation  processing  sequence  consisting  of  peen/coat/peen/coat  was 
selected  for  treating  the  fatigue  rejuvenation  specimens.  To  evaluate  the 
potential  effectiveness  of  this  processing  sequence,  an  investigation  of  the 
bridging  of  secondary  cracks  in  fractured  fatigue  bars  was  undertaken.  Fractured 
fatigue  Specimen  No.  5B-1,  containing  numerous  secondary  cracks,  was  given 
the  coating  sequence  on  one  half  of  its  circumference  but  left  uncoated  on 
the  other  side.  After  HIP,  the  specimen  was  sectioned  longitudinally  and 
the  relative  appearance  of  cracks  on  the  coated  and  uncoated  sides  was  com- 
pared. Some  cracks  did  remain  on  the  coated  side.  Most  of  these  were  wide 
cracks  and  obvious  defects  in  the  coating  were  observed,  accounting  for  the 
failure  to  heal  during  HIP  (Figure  19a 1. 

The  cracks  connected  to  the  uncoated  side  of  the  bar  all  showed 
a surface  2one  approximately  30  am  deep  consisting  primarily  of  oxidized 
particles  in  the  surface-connected  grain  boundaries.  These  oxidized 
particles  are  presumably  grain  boundary  carbide  phases  (Figure  19b).  Tlte 
cracks  bridged  by  the  coating  showed  no  sign  of  this  reaction  zone  because, 
although  there  were  defects  through  the  coating  causing  the  cracks  not  to  heal, 
these  passages  would  be  very  narrow  and  therefore  getter  the  gas  passing 
through  into  the  crack. 

To  minimize  the  probability  of  leakage  through  defects  in  the 
P\'D  coatings  during  HIP  of  the  fatigue  rejuvenation  specimens,  it  was 
decided  that  the  rejuvenation  processing  sequence  would  be  supplemented 
by  a ceramic  overcoating.  This  appeared  to  constitute  the  surest  surface 
sealing  technique  on  the  basis  of  earlier  experiments.  It  was  reasoned 


250X 

(a)  Crack  under  coating  with  defect. 
Crack  opening  is  about  45  um 


500X 

(b)  Crack  intersecting  glass  bead  shot 
peened  but  uncoated  surface  of 
specimen 


Figure  19.  .Appearance  of  Secondary  Cracks  on  Coated  and  L'ncoated  Surfaces 
of  Fracture  Fatigue  Bar  5B-1  after  HIP. 

The  Surface  Reaction  Zone  Which  Developed  During  HIP  Extends 
about  30  pm  Deep  Below  the  Surface.  Longitudinal  Section. 
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that  tho  uso  ot  both  coating  techniques  in  tandera  might  be  nect'ssarv  in 
practice.  The  rVh  metallic  coating  would  serve  to  (il  restore  dimt’nsional 
integrity  where  service-oxid iced  material  had  to  be  removed  during  pre- 
rejuvenation  cleaning,  (ii)  act  as  a barrier  to  tlie  chemical  interai'tion 
v-'bserved  between  ceramic  coatings  aiul  substrate  material,  and  tiii^  inhibit 
intrusion  ot  the  ceramic  coating  into  the  cracks  during  HIT.  I'he  ceramic 
overcoat,  on  the  other  hand,  vcould  serve  as  the  backup  surface  detect  sealing 
agent,  and  limit  the  interaction  ot  the  allov  surface  with  the  MU'  atmosphtui' 
The  final  surface  and  coating  treatment  used  for  the  fatigue  bars  was 
described  earlier  in  the  Experimental  Procedures  section. 


PROCESS  TO  FAfICUE  DriiMAGE 


Baseline  Fatii’ue  Properties 


Results  of  tlie  tests  useful  in  establishing  the  baseline  fatigue  re- 
sistance of  IN- 718  extruded  and  STA  material  are  presented  in  Tables  S.  ‘f,  ,iiul  10. 
Recall  that  all  tests  were  carried  out  at  538  C.  The  majority  of  testing  was 
carried  out  in  argon,  there  being  no  discernible  difference  in  tlie  results  of 
tests  pe-  formed  in  argon  or  in  air.  The  quantities  Ae*^,  Ae*^  and  Ae^  are  de- 
fined in  the  usvial  way(^*^\  Results  from  Tables  and  10  are  plotted  in 
Figure  20,  as  tlie  open  symbols.  Data  plotted  are  for  total  life.  Figure  20a 
presents  tlieso  data  on  the  basis  of  total  strain,  whereas.  Figure  20b  presents 
them  on  coordinates  of  plastic  strain.  Tt  might  be  noted  that,  as  compared  to 
Figure  20a,  data  plotted  on  coordinates  of  plastic  strain  range  and  life  in 
Figure  20b  are  "spread  out".  In  Figure  20b  the  plastic  strain-life  to  separa- 
tion trend  line  lias  been  established,  giving  consideration  to  three  major 
factors ; 

(1)  The  distribution  of  tlie  fatigue  failure  data 

(2)  The  value  of  the  true  fracture  strain  range 
(measured  from  a tensile  test")  through  which 
the  curve  should  pass 

(3)  Tlie  characteristic  slope  of  such  Co f f in-Manson 
plots. 

The  failure  trend  curve  drawn  has  a slope  of  about  -0.5,  passes  through  the 
true  fracture  strain,  and  provides  a reasonable  fit  through  the  failure  data. 
Figure  20a  also  sluiws  as  broken  lines  two  fatigue  resistance  trend  curves 
establlslied  for  this  nuiterial  in  the  corresponding  condition,  as  reported  in 
the  literaturo^^^’ Note  that  the  data  developed  as  a part  of  this  pro- 
gram  tend  to  fall  below  these  total  strain-life  trends  , However,  when  these 
data  are  compared  on  the  basts  of  tlic  plastic  strain-life  relationship  as  shown 
in  Figure  20b,  thev  correspond  closely,  except  at  lives  less  than  about  100 
cycles.  This  behavior  can  be  attributed  to  the  previously  noted  differences 
in  the  monotonic  stress  response  which  showed  this  material  on  the  low  side 


* The  material  in  this  proeram,  although  extruded,  retains  much  of  the  character 
of  an  as-cast  material  except  it  has  fine  grain  sir.e.  The  broken  line  data  is 
for  wrought  material. 
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Control  of  lN-718  in  tlie  S TA  Coiuiition 


of  the  trend  curves  at  538  C (Figure  S').  Plastic  strain,  therefore,  provides 
a common  basis  to  compare  fatigue  resistances,  at  least  on  the  basis  of  total 
life . 


Total  Life 

With  respect  to  the  results  of  six  valid  baseline  tests  at  the 
selected  strain  range  for  HIP  rejuvenation  in  this  program  1,0.8  percent)  , 
of  16,149  (Figure  20,  Table  10).  Based  on  these  six  results,  the  mean  and 
dispersion  are  strongly  biased  by  an  apparent  outlier  (Specimen  2C-1)  for 
which  the  life  was  45,960  cycles.  Because  of  this  inordinately  long  life, 
a second  test  was  performed  using  a specimen  from  Bar  2,  the  life  being  5237 
cycles.  It  was,  therefore,  concluded  that  the  result  for  2C-1  was  an  outlier 
and  not  representative  of  Bar  2 material.  Excluding  this  result,  the  mean 
life  to  fracture  for  the  baseline  0.8  percent  case  is  6620  cycles  with  a 
standard  deviation  of  1887  cycles.  The  corresponding  coefficient  of  variation 
is  29  percent. 

Crack  Initiation  Life 

As  noted  in  the  tables,  the  number  of  cycles  to  crack  initiation, 
is  herein  defined  as  that  life  at  which  the  tensile  component  of  the  cyclic  stress 
response  first  began  decreasing  asymmetrically  as  compared  to  the  stable 
compression  response.  Also  included  in  some  cases  is  the  life  at  a 5 percent 
load  drop.  Such  a definition  obviously  includes  a portion  of  the  life  spent 
propagating  the  fatigue  crack  and  is  therefore  an  upper  bound  on  the  actual 
For  the  baseline  0.8  percent  case,  the  results  in  Table  10  (excluding 
Specimen  2C-1)  give  a mean  cycles  to  initiation,  Nj , of  4487  cycles  with 
a standard  deviation  of  819  cycles,  giving  a coefficient  of  variation  of 
18  percent. 

Alternatively,  results  reported  in  Tables  9 and  10  are  also  useful 
in  establishing  the  relative  fractions  of  life  spent  initiating  and  propagating 
fatigue  cracks  in  these  tests.  Such  a demarcation  is  essential  to  establisl-. 
predamage  levels  for  pre-  and  post-  crack  initiation  damage  rejuvenation  studies. 

A value  for  Ni  can  also  be  obtained  by  examining  its  variation  witli 
strain  amplitude.  Data  from  the  tabulations  of  Ni^Nf  where  Nf  is  the  cycles 
to  fracture  have  been  plotted  as  a function  of  strain  range  in  Figure  21. 

* For  rationale  in  selecting  0.8  percent  for  -e*^  see  Test  Program  Section. 
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Total  Strain  Range,  percent 


The  solid  points  represent  actual  observations,  whereas  the  open  symbols 
represent  results  from  the  incremental  damage  study  (, Table  81  and  are, 
therefore,  based  on  an  assumed  (mean)  fracture  life  established  in  other 
tests.  Based  on  the  upper  bound  trend  shown  in  Figure  2la  and  the 
characteristic  dominance  of  stress  (elastic-strainl  on  fatigue  resistance 
at  longer  lives  (total  strain  ranges  less  than  0,70  percent')  shown  in 
Figure  20,  the  upper  bound  trend  for  the  plastic  strain  range  is  constructed 
as  the  solid  line  in  Figure  21b.  For  purposes  of  convenience  later  on,  this 
trend  is  assumed  to  be  represented  by  the  bilinear  trend  shown  as  the 
broken  line.  Based  on  this  bilinear  representation,  the  value  of  the  ratio 
Nf/Nf  is  0.73  at  plastic  strain  ranges  less  than  0.375  percent  (total  range 
of  about  1.10  percent).  Since  the  total  life  (life  to  separation!,  shown 
as  the  solid  line  in  Figure  20,  represents  the  sum  of  the  life  fractions 
spent  in  crack  initiation  and  propagation,  an  initiation  trend  curve  can 
be  obtained  by  subtracting  the  number  of  cycles  spent  in  crack  propagation, 
computed  using  the  trend  curve  in  Figure  21,  from  the  number  of  cycles  to 
failure  computed  from  the  solid  curve  in  Figure  20.  Tliis  line  corresponds 
closely  with  the  initiation  data  which  are  shown  by  the  open  symbols  in 
Figure  22. 


Crack  Propagation  Life 


Given  the  scatter  in  the  results  of  Figure  21,  it  is  difficult  to 
establish  whether  the  ratio  of  'N^  remains  constant  at  plastic  strain  ranges 
less  than  0.375  percent.  Analytical  techniques  used  in  the  previous  study 
of  Ti“6Af could  be  used  to  aid  in  such  an  assessment.  However,  the 
material  constants  necessary  to  compute  the  crack  propagation  period  are 
lacking.  Therefore,  the  number  of  propagation  cycles  Included  in  the  previously 
adopted  definition  for  crack  initiation  cannot  be  directly  ascertained.  In- 
direct estimates  of  Nj[  based  on  early  visual  sightings  of  the  specimens  during 
the  fatigue  test  indicated  that,  in  extreme  cases,  this  definition  actually 
includes  propagation  periods  as  great  as  10  percent  of  the  total  life.  With 
respect  to  the  question  of  whether  Np  or  N^/N’p  is  constant,  the  only  remaining 
alternative  to  provide  an  answer  is  to  examine  the  statistical  variation  in 
crack  propagation  period  as  compared  to  that  for  total  life  and  cycles  to 
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Cycles  to  Failure 

a.  Total  strain  range 


Cycles  to  Failure 


b.  Plastic  strain  range 


Figure  22.  Crack  Initiation  Fatigue  Life  Resistance 
of  IN-718  in  the  STA  Condition 


crack  initiation.  The  five  baseline  test  results  in  Table  10  bear  directly 
on  this  computation;  the  specimens  being  2B-1,  2C-1,  3C-2,  4C-1,  7C-1,  and 
llB-2  (with  the  outlier  2C-1  being  excluded).  As  noted  in  the  previous 
section,  the  initiation  statistics  are  a mean  of  4487  cycles  with  a 
standard  deviation  of  819  cycles,  giving  a coefficient  of  variation  of  18 
percent.  The  corresponding  propagation  statistics  are  2133  cycles  and  1308 
cycles,  giving  a coefficient  of  variation  of  61  percent.  Clearly,  there  is 
less  relative  scatter  in  the  initiation  data,  at  least  in  the  context  of 
total  strain.  The  corresponding  statistics  for  the  ratio  of  N^/N£  reflect 
this,  yielding  a coefficient  of  variation  of  19  percent.  Based  on  these 
results,  it  may  be  concluded  that  the  character  of  the  initiation  data 
dominates  the  character  of  the  total  life,  the  crack  propagation  period 
being  quite  variable  and  perhaps  not  constant  for  a given  total  strain. 
Unfortunately , no  direct  inference  can  be  drawn. 

Other  Baseline  Data  Analysis 

It  is  worthwhile  to  examine  the  remainder  of  the  pertinent  baseline 
data  to  establish  to  what  extent  they  correspond  with  the  results  considered 
thus  far.  These  five  results,  from  Table  8,  for  Specimens  5C-1,  8D-2,  llB-1, 
11C“2  and  12C-1  are  plotted  as  open  triangles  on  coordinates  of  each  of 
total  and  plastic  strain  versus  life  in  Figure  23.  Because  these  tests 
were  not  taken  to  failure,  only  crack  initiation  results  are  available.  Note 
that  for  these  data,  the  crack  initiation  trend  replotted  on  these  figures 
from  Figure  22  serves  as  an  upper  bound  on  life.  This  is  a result  of  using 
the  upper  bound  on  the  ratio  N^/Nf  (Figure  21)  to  establish  these  initiation 
trend  curves.  Also  plotted  in  this  figure  are  the  initiation  data  developed 
as  a part  of  the  predamage  processing  of  the  fatigue  bars  to  be  rejuvenated 
(as  reported  in  Table  11).  Both  results  for  Specimens  7B-1,  7B-2,  7C-2,  3B-1, 
llD-1,  12B-1  and  12B-2,  for  which  initiation  life  was  measured,  and  specimens 
5C-2,  5D“1,  7D-1,  7D"2,  8B-2,  8C-1,  8C-2  and  9B,  which  define  a lower  bound 
on  initiation  because  initiation  was  not  observed,  are  included.  Data  which 
define  initiation  are  shown  as  open  squares,  whereas  data  which  bound 
initiation  below  are  indicated  by  crosses.  Clearly,  these  additional  data 
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suggest  that  the  ratio  of  N^/Nf  may  be  less  than  that  indicated  by  the 
upper  bound  curves  shown  in  Figure  21,  or  may  not  be  constant  at  all. 

Based  on  the  total  initiation  data  set  (14  specimens),  the  mean  life  to 
initiation  at  the  program  total  strain  range  of  0.8  percent  is  3487 
cycles,  with  a standard  deviation  of  1119  cycles.  This  is  in  strong 
contrast  to  the  results  of  Figure  21  and  the  mean  fracture  life  for  this 
condition  which  show  that  the  average  life  to  crack  initiation  is  4833 
cycles  . This  difference  is  apparently  due  to  the  fact  that  Figure  21 
provides  an  upper  bound  on  initiation.  Given  the  same  average  fracture 
life  for  the  complete  data  set,  the  value  of  N^/Nf  is  0.53**. 

The  above  value  of  0.53  is  less  than  that  reported  in  the  liter- 
ature for  similar  material  (wrought  bar  in  the  STA  condition)  and  testing 
environment,  when  initiation  is  defined  as  the  crack  length  observed  for 
decohesion  of  a heavy  shear  band  (defined  as  a thin  deformation  twin) 
extending  over  a distance  of  one  or  two  grains In  that  study, 
developing  such  decohesion  cracks  about  70  urn  long  took  about  70  percent 
of  the  life.  If  this  result  can  be  considered  to  mean  that  'Nf  as  shown 
in  Figure  21  (73  percent)  is  correct,  then  the  average  number  of  cycles  to 
fracture  for  this  total  data  set  (including  all  14  specimens)  would  be  less 
than  the  mean  of  6620  cycles  for  the  reduced  data  set  (including  only  the 
five  specimens  from  Table  10,  Figure  20).  In  this  case,  the  mean  fracture  life 
would  be  4777  cycles  , about  72  percent  of,  or  1843  cycles  less  that,  6620 
cycles.  This  mean  of  4777  cycles  lies  just  within  one  standard  deviation  of 
the  6620  cycle  mean.  Finally,  note  that  both  the  4777  cycle  mean  and  the 
6620  cycle  mean  lie  above  the  assumed  lower  bound  for  initiation  of  2100 
cycles.  Initiation  occurred  after  2100  cycles  in  all  but  one  case  (Specimen 
7C-2).  As  such,  the  propagation  period,  Np,  ranges  from  6620-1925  “ 4695 
cycles  to  4777-2100  * 2677  cycles  at  the  extremes  of  the  observed  results. 

Consider  now  the  influence  of  the  rejuvenation  process  on  the 
baseline  extruded  plus  STA  IN-718  fatigue  resistance. 


Assuming  N^/Nf  “ 0.73  and  Nf  * 6620. 

Given  ■ 3487  and  Nf  ■ 6620;  Nf/N^  0.53. 

Given  Ni  ■ 3487  cycles  and  Nf/Nf  “ 0.73;  Nf  “ 4777  cycles. 


t 
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Influence  of  Rejuvenation  Processing 
on  Baseline  Properties 


Figures  20  to  23  document  graphically  the  baseline  fatigue 
resistance  of  the  STA  1N'718  at  538  C,  these  plots  being  derived  from 
data  in  Tables  8,  9,  10  and  11.  As  noted  in  the  approach  and  detailed 
in  the  actual  test  matrix.  Table  1,  one  of  the  purposes  of  this  program 
is  to  asses  the  relative  influence  of  the  processing  parameters  on  the 
fatigue  properties  so  that  the  effect  of  the  rejuvenation  on  fatigue  damage 
can  be  determined.  The  purpose  of  this  section,  then,  is  to  address  data 
developed  to  isolate  the  influence  of  the  processing  parameters  on  the 
baseline  fatigue  resistance.  Data  useful  in  this  assessment,  in  addition 
to  that  discussed  thus  far,  are  reported  in  Table  10. 

Data  reported  in  Table  10  are  plotted  in  Figure  24.  Figure  24a 
plots  these  data  as  open  symbols  on  coordinates  of  total  strain  and  life, 
along  with  the  initiation  and  fracture  trends  taken  from  Figures  22  and 
20  respectively.  Note  that  for  the  sake  of  clarity,  only  the  fracture 
data  (open  symbols)  are  reported  in  Figure  24a,  whereas  Figure  24b 
includes  initiation  data  (slashed  symbols).  It  is  evident  that  the 
rejuvenation  processing  gives  rise  to  a marginally  increased  total 
fatigue  resistance  on  a total  strain  basis  (Figure  24a).  The  coat  plus 
KIP  treatment  (C  + H,  data  shown  as  triangles)  has  a somewhat  larger 
beneficial  effect  than  HIP  alone  (H,  data  shown  as  squares).  Now,  with 
reference  to  Figure  24b,  note  that  while  the  same  trends  present  in 
Figure  24a  exist  here,  the  choice  of  a plastic  strain  basis  for  data 
comparison  tends  to  (i)  spread  out  the  data,  and  (ii  i suggest,  because  of 
a reduction  in  apparent  scatter,  that  the  improvement  in  fatigue  resistance 
for  both  initiation  (slashed  symbols)  and  total  life  is  not  as  great  as 
for  total  strain.  Nevertheless,  there  is  an  improvement  for  each  of  the 
H and  C 4-  H treatments. 

A direct  comparison  of  the  mean  values  of  fatigue  life  for  the  three 
>a«#line  conditions  is  as  follows.  The  STA  condition  had  a mean  life  of 
>.vcle*,  with  a standard  deviation  of  1887  cycles;  the  H condition 
w4r.  life  of  7197  cycles  with  a standard  deviation  of  1585  cycles; 
mdttlon  had  a mean  life  of  12,367  cycles  with  a standard 
t cycles. 
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^Trends  from  Figs  i7o  and  i9o 


□ Total  life,  HIP  (Table  lO) 

A Totol  life,  cool  ♦ HIP  (Toble  10) 


00)1  1 1 111  I 1111  I 

10°  lO'  10* 


lO’  10*  10®  10^ 

Cycles  to  Failure 


a.  Total  strain  ranno 


□ Total  life,  HIP  (Table  lO) 

A Total  life,  coot  + HIP  (Table  lO) 
(D  Initiation,  HIP  (Table  lO) 

A Initmlion,  coot  ♦ HIP  (Table  lO) 

< Trends  from  Figs  I7b 
k and  Sb 


i O' 


STA  data  scatter  band 
on  total  life 


10°  lO'  10*  10®  10*  10*  l(f  lo' 

Cycles  to  Failure 


b.  Plastic  strain  raiiite 


Figure  24.  Influence  of  HIP  on  the  Baseline  Fatigue 

Resistance  of  IN-718 
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Based  on  the  results  reported  for  the  influence  of  HIP  on  the 
microstructure,  one  might  surmise  that  the  increased  fatigue  resistance 
is  due  in  part  to  the  homogenization  of  the  microstructure  described 
earlier  (Figure  9).  If  homogenization  removed  potential  crack  initiation 
sites  associated  with  coarse,  brittle  phases  and  weak  interphase  inter- 
faces, it  would  be  expected  to  impact  most  substantially  on  the  crack 
initiation  stage  of  life,  as  detailed  below. 

Simple  statistical  calculations  are  useful  in  assessing  to  what 
extent  the  improvements  in  total  life  may  be  traced  directly  to  the 
initiation  stage.  First,  with  respect  to  the  baseline  data  set  (5  specimens. 
Table  10),  the  mean  life  to  crack  initiation  (excluding  as  before,  the 
outlier.  Specimen  2C-1)  is  4487  cycles  with  a standard  deviation  of  819 
cycles.  In  contrast,  the  mean  initiation  life  for  the  HIP  processed  bars 
(Table  10)  is  5412  cycles  with  a standard  deviation  of  1124  cycles,  while 
that  for  the  coated  plus  HIP  processed  bars  (Table  10)  is  9976  cycles,  with 
a standard  deviation  of  424  cycles.  As  such,  on  the  average,  HIP  gives  rise 
to  an  ■'acrease  in  life  to  initiation  of  925  cycles,  whereas  the  surface 
treatment  and  coating  aspect  contributes  5489  cycles  of  increased  life 
when  used  in  conjunction  with  HIP.  With  respect  to  the  corresponding 
results  for  improvements  in  total  life,  note  that  for  the  HIP  condition 
the  increase  in  initiation  and  fracture  lives  correspond  closely  - 9^3 
cycles  in  total  life  and  925  cycles  in  Initiation  life.  Likewise,  for 
the  coated  plus  HIP  condition;  the  further  life  increase  is  4804  cycles, 
whereas  the  increase  in  initiation  life  is  4564  cycles.  It  can,  there- 
fore, be  concluded  that  more  than  95  percent  of  the  increase  in  total 
life  is  due  to  changes  in  the  crack  initiation  fatigue  resistance. 

For  the  same  baseline  block  of  data,  the  average  crack  propaga- 
tion period  is  2321  cycles  with  a standard  deviation  of  1258  cycles. 

The  mean  propagation  period  for  the  H case  is  2151  cycles  and  that  for 
the  C+H  case  is  2391  cycles,  whereas  that  for  the  complete  set,  including 
data  for  both  conditions  (11  specimens),  is  2309  cycles,  witli  a standard 
deviation  of  1178  cycles.  Tlius,  one  can  conclude  that  the  propagation 
period  is  apparently  insensitive  to  the  rejuvenation  processing  steps. 

On  the  other  hand,  the  initiation  stage  is  not. 

The  reasons  for  the  modest  increase  in  tl'.e  baseline  life  for 
HIP  alone  and  the  substantial  increase  after  coating  and  HIP  together 
cannot  be  simply  isolated.  The  most  obvious  effect  of  HIP  that  could 


be  expected  to  Increase  fatigue  resistance  Is  the  homogenization  of  the 
microstructure.  Numerous  near-surface  and  Internal  cracks  associated 
with  Inhomogeneltles  were  observed  after  fatigue  testing  the  STA  specimens. 

This  Internal  cracking  was  absent  In  specimens  fatigue  tested  after  HIP. 

There  are  two  other  effects  to  consider  the  effect  of  the  grain 
growth  occurring  during  HIP  and  the  effect  of  surface  treatment  and 
coating.  The  effect  of  grain  growth  is  usually  to  decrease  fatigue  life 
with  increasing  grain  size.  The  grain  size  of  a number  of  H and  C+H 
fatigue  specimens  was  measured  after  fracture,  including  predamaged 
specimens  from  Table  11.  Although  there  was  a trend  towards  increasing 
N^  with  increasing  grain  size,  the  range  of  grain  size  was  too  limited 
and  the  scatter  in  the  was  too  great  to  give  a definitive  indication 
of  the  grain  size  dependence  of  the  initiation  life.  Excluding  the  H 
condition,  the  grain  sizes  for  the  specimens  in  Tables  10  and  11 
were  in  the  range  170  to  260  pm  (mean  planar  intercept) , with  the  baseline 
C+H  specimens  having  a grain  size  range  of  186  to  201  ym  (2  of  3 specimens  I 

measured) . The  baseline  specimens  in  the  H condition  showed  a size  range  of  I 

370  to  420  pm  (2  of  3 specimens  measured) . If  the  ratios  of  the  mean 
initiation  lives  are  compared  to  the  ratios  of  possible  grain  size 
dependences  of  the  initiation  lives,  the  possibility  of  accounting  for 
the  differences  in  life  by  grain  size  differences  emerges.  The  ratio  of 
the  initiation  lives  for  the  H and  C+H  baseline  conditions  (Table  10) 
is  5412/9977  • 0.54.  The  ratio  predicted  by  an  inverse  grain  size 
dependence  of  life  is  0.49  and  that  predicted  by  an  inverse  square  root 
grain  size  dependence  is  0.70. 

The  effect  of  surface  treatment  can  either  increase  or  decrease 

I 

fatigue  life.  The  specimens  in  the  H condition  were  machined  in  the  STA  ! 

condition,  then  HIP.  Thus,  machining  could  have  caused  small  surface  i 

cracks  associated  with  brittle  phases  or  weak  interfaces  intersecting  the  j 

surface  to  develop.  These  small  surface  cracks  would  not  be  removed  by  'j 

HIP  and  could  conceivably  shorten  life  after  HIP.  By  surface  treatment,  ! 

shot  peening  and  coating  the  machined  surface  before  HIP,  these  small 
defects  would  be  healed.  In  addition  the  coated  specimens  appeared  to  have 
a shallow,  variable-depth,  layer  of  nominally  finer  grains  about  15  ym  ' 

deep  at  the  original  surface  of  the  specimen.  These  presumably  resulted 
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from  rociA'stallization  of  the  shot-poened  layer.  In  addition,  the  coating 
itself  was  fine  grained  and  approximately  15  nm  of  the  original  75  k:m 
thick  coating  remained  on  the  specimen  after  polishing  the  surface  for 
post -HIP  fatigue  testing.  The  effects  of  these  fine-grained  layers  would 
tend  to  inliibit  crack  initiation  and  thereby  prolong  the  fatigue  life. 

The  large  increase  in  life  showi  by  the  coated  and  HIP  control 
specimens  was  unexpected,  since  the  HlP-only  specimens  included  in  a 
preliminary'  HIP  run  to  check  the  effect  of  the  HIP  conditions  on  the  base- 
line fatigue  properties  had  sliown  only  a modest  increase  ov'er  the  STA 
baseline  life.  Tlie  coated,  undamaged  specimens  were  included  in  the  final 
HIP  run  along  with  the  predamaged  fatigue  specimens  after  the  coating 
parameters  had  been  defined.  ITierefore,  instead  of  having  a situation 
where  the  processing  variables  had  little  effect  on  the  baseline  life  as 
originally  intended,  the  processing  had  a large  effect  on  the  reference 
lifetime,  compared  to  the  number  of  predaimige  cycles. 


Keluvenation  of  Predamav;ed  Specimen s 


Rejuvenation  data  for  damage  Levels  1 and  2 are  tabulated  in 
Table  11,  whereas  the  corresponding  baseline  data  are  reported  in  Table  10. 

It  is  important  to  note  chat  while  each  of  tlie  tests  performed  to  develop 
these  data  was  done  at  nominally  the  same  total  strain  range  (.0.80  percent'', 
the  corresponding  stable  plastic  strain  range  varied  from  0.82  to  0.20 
percent.  The  majority  of  the  data,  however,  wore  grouped  between  0.10 
and  0.15  percent  plastic  strain  range.  In  that  it  has  often  been  argued 
Chat  plastic  strain  controls  the  rate  of  fatigue  danuige  accumulation  in 
the  life  regime  of  interest  in  this  program,  a broad  dispersion  in  plastic 
strain  would  be  expected  Co  mask  otherwise  real  trends  in  these  data  if 
compared  only  on  the  basis  of  total  strain  range.  However,  the  dispersion 
on  plastic  strain  is  very  small  in  this  study,  and  the  plots  of  and  Nf 
versus  plastic  strain  range  had  little  effect  on  reducing  the  scatter  in 
Figures  20  and  22.  The  results  will,  therefore,  be  considered  only  in  the  con- 
text of  total  strain.  However,  because  the  rejuvenation  steps  and  the  possible 
presence  of  unhealed  damage  apparently  do  influence  tlie  initiation  stage  of  life. 
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it  is  essential  to  assess  the  feasibility  of  HIP  rejuvenation  for  both  pre-  and 
post-crack  Initiation  predamage  levels,  as  well  as  for  the  total  life. 
Consequently,  all  the  data  will  first  be  considered  by  direct  comparison 
of  total  life  with  the  reference  C+H  baseline  life,  then  effects  of  a typical 
crack  initiation  will  be  assessed,  and  finally  rejuvenation  in  terms  of  the 
effect  of  coating  and  HIP  on  the  initiation  life  of  predamaged  specimens 
will  be  addressed. 

Total  Life  Analysis 

Data  for  the  baseline  cases  of:  as  extruded  and  ST.\  lN-718,  H 
and  C+H,  are  shown  in  Figure  25a,  A total  of  12  data  points  are  presented 
in  this  bar  graph  (6  for  STA,  3 for  STA+H  and  3 for  STA-sC+H) . .As  just 
discussed,  the  H and  C+H  conditions  give  rise  to  increased  fatigue 
resistance  as  compared  to  the  STA  baseline  condition. 

Of  these  three  baseline  conditions,  that  for  the  C+H  state  is 
selected  as  the  reference  condition  for  rejuvenation  of  both  Levels  1 
and  2,  respectively,  for  the  total  life  analyses.  This  approach  assumes 
that  (i)  the  fatigue  predamage  Induced  in  the  STA  condition  reacts  to 
rejuvenation  identically  to  predamage  which  would  have  been  induced  in  the 
STA+C+H  material,  and  (ii)  the  damage  accumulates  at  the  same  cyclic  rate 
in  both  conditions.  Alternatively  the  same  baseline  could  be  selected, 
assuming  that  the  pre-crack  initiation  damage  in  the  STA  condition  has  no 
effect  on  the  subsequent  fatigue  resistance  of  the  STA+C+H  condition.  With 
reference  to  Figure  25b,  it  is  apparent  that  the  rejuvenation  processing 
failed  to  Increase  the  mean  total  life  of  the  rejuvenated  specimens  beyond 
that  of  the  reference  STA-fC+H  data  base. 

For  specimens  having  Level  1 predamage,  the  life  to  initiation 
was  4957  cycles  with  a standard  deviation  of  2527  cycles  and  the  life  to 
fracture  was  7819  cycles  with  a standard  deviation  of  3619  cycles,  giving 
a total  life,  including  predamage  cycles,  of  9906  cycles  with  a standard 
deivation  of  3624  cycles.  For  the  Level  2 damage  specimens,  the  mean 
predamage  life  was  3885  cycles  with  a standard  deviation  of  1032  cycles. 

After  HIP,  the  mean  life  to  initiation  was  3841  cycles  with  a standard 
deviation  of  2340  cycles,  the  fracture  life  was  7074  cycles  with  a standard 
deviation  of  4274  cycles,  and  the  total  life,  including  predamage,  was 
11,077  cycles  with  a standard  deviation  of  4171  cycles.  For  both  predamage 
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(a)  Comparison  of  STA  baseline  and  rejuvenation  processing  baseline  conditions 
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(b)  Comparison  of  rejuvenation  processing  baseline  and  Level  1 conditions 
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(c)  Comparison  of  rejuvenation  processing  baseline  and  Level  2 conditions 


Figure  25.  Analysis  of  Rejuvenation  of  Fatigue  Damage  in  IN-718 

Based  on  Total  Life. 

The  Dots  Represent  Specimens  Showing  "Normal"  Crack  Initiation  and 
the  X's  Represent  Specimens  Having  a "Flaw-Type"  Initiation. 

The  + is  the  Mean  of  the  Fatigue  1. ives  and  the  Bracket  Spans  ttie 
Standard  Deviation. 
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levels,  the  results  indicate  the  rejuvenation  processed  samples  had  mean 
lives  less  than  that  of  the  reference  state,  i.e.,  12,367  cycles.  This 
is  in  contrast  to  an  average  life  extension  of  2100  cycles  or  17  percent 
expected  for  full  rejuvenation  of  Level  1 damage,  and  3885  cycles  or 
31  percent  for  Level  2.  Thus,  one  might  conclude  that  wliile  coating  plus 
HIP  improves  the  baseline  properties,  this  fails  to  rejuvenate  fatigue 
damage,  and  that  because  the  mean  life  does  not  lie  between  the  base- 
line STA+C+H  life  and  the  life  expected  for  total  rejuvenation,  there 
must  be  residual  effects  from  the  predamage  which  exert  a larger  effect 
on  the  final  fatigue  life  than  assumed  above. 

It  should  be  noted  chat  the  scatter  in  the  fatigue  results 
after  predamage  and  rejuvenation  (Table  11)  is  much  larger  Chan  that  for 
the  baseline  specimens  (Table  10).  One  cause  of  this  scatter  in  the 
Level  2 specimens  is  the  origination  of  final  fracture  at  a site 
introduced  during  the  predamage  cycling.  It  will  be  shewn  later  chat 
known  preexisting  cracks  were  found  to  bond  during  rejuvenation  and 
not  reopen  during  subsequent  testing  to  failure.  .Also,  cracks  not 
detected  during  predamage  were  found  as  bonded  cracks  during  final 
sectioning  after  fracture.  However,  correlation  of  the  final  fracture 
locations  in  Level  2 specimens  after  rejuvenation  with  the  mapped  loca- 
tions of  cracks  detected  during  the  predamage  cycles  showed  Chat 
two  specimens  failed  at  previous  cracks  and  one  specimen  might  have. 

These  results  are  presented  in  Table  12.  Comparison  of  Tables  11  and 
12  indeed  shows  that  the  two  specimens  with  the  lowest  total  life  failed 
at  known  preexisting  cracks. 

Inspection  of  the  fracture  surfaces  themselves  shows  further 
differences  between  the  baseline  specimens  and  the  pred.unaged  specimens. 

For  both  the  Level  1 and  Level  2 specimens,  the  crack  initiation  sices 
apparent  on  the  fracture  surface  have  two  different  appearances.  One  of 
these  is  the  same  as  the  Initiation  sites  on  the  C+H  baseline  specimen  frac- 
ture surfaces,  wherein  the  initiation  site  is  located  right  at  the  specimen 
surface.  This  is  defined  as  a "normal"  initiation  site.  The  other  type 
shows  a relatively  smooth,  well-defined  semicircular  area  extending  in  from 
the  original  specimen  surface  to  a depth  of  0.25  to  0.5  mm,  and  is  defik»«d 
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comparison  of  location  of  visible  cracks  noted  before  REJC’.’ESATION 


as  a "flaw".  Since  these  flaw  types  were  observed  only  in  predamaged 
specimens,  it  is  believed  that  they  originated  from  fatigue  damage,  for 
example,  incompletely  bonded,  undetected  fatigue  cracks.  The  description 
of  the  initiation  sites  on  the  fracture  surfaces  are  presented  in  the 
right  column  in  Table  11.  Note  that  with  the  exception  of  Specimen  7B-1 
all  the  Level  2 specimens  had  flaw-type  initiation  sites.  Also,  half  the 
Level  1 specimens  had  flaw-type  initiation  sites. 

The  test  bars  showing  a flaw-type  initiation  site  on  the  fracture 
surfaces  are  indicated  by  an  x in  Figures  25b  and  25c.  For  the  Level  1 
damage,  the  flaw-initiated  fractures  lie  within  the  lower  life  end  of 
the  scatter  (Figure  25b).  The  statistics  on  the  Level  1 specimens  showing 
normal  initiation  sites  are  a mean  life  to  initiation  of  6792  cycles 
with  a standard  deviation  of  1744  cycles,  a mean  life  to  fracture  of 
9468  cycles  with  a standard  deviation  of  4303  cycles,  and  a total  life, 
including  predamage  cycles,  of  11,568  cycles  with  a standard  deviation 
of  4303  cycles.  Thus,  allowance  for  a possible  preexisting  crack 
initiation  site  has  increased  the  mean  life  to  initiation  and  fracture 
and  decreased  the  standard  deviation  in  both.  However,  the  mean  life  is 
still  not  up  to  the  mean  baseline  C+H  life.  The  single  Level  2 specimen 
having  a normal  initiation  site  does  not  provide  a sufficient  basis  for 
comparison.  It  did  have  a life  comparable  to  the  baseline  life,  but 
the  crack  initiation  life  was  still  well  below  the  C+H  baseline  initiation 
life. 

It  is  interesting  to  compare  the  Level  2 and  Level  1 specimens 
that  failed  at  flaws  (but  not  at  previously  mapped  cracks).  Note  that 
several  of  these  specimens  lie  well  above  the  Level  1 specimens  (Figures 
25b  and  25c,  the  x points).  Tlie  Level  1 flaw-initiated  specimens  had  a 
total  life  of  8270  cycles  with  a standard  deviation  of  2189  cycles  while 
the  Level  2 flaw- initiated  specimens  had  a total  life  of  13,106  cycles 

K 

with  a standard  deviation  of  3194  cycles.  A comparison  ot  the  mean  life 
after  rejuvenation  shows  a life  for  Level  1 of  6170  cycles  with  a standard 
deviation  of  2189  cycles,  and  a life  for  Level  2 of  8876  cycles  with  a 

standard  deviation  of  3707  cycles.  Tlierefore,  not  all  of  the  difference  ' 
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in  total  life  is  due  to  a difference  in  predamage  cycles.  However, 
the  Level  2 mean  contains  two  specimens  with  a very  long  propagation 
life  (specimens  7C-2  and  llD-1).  To  minimize  this  effect,  a comparison 
of  crack  initiation  life  can  be  made;  for  Level  1 the  mean  initiation  life 
for  flaw-initiated  specimens  is  3121  cycles  with  a standard  deviation  of 
1695  cycles,  while  that  for  Level  2 is  3973  cycles  with  a standard  deviation 
of  895  cycles.  Thus,  the  Level  2 initiation  life  is  also  longer  than 
the  Level  1 initiation  life.  Since  there  is  no  reason  to  believe  that 
increasing  predamage  should  prolong  post-re juvenation  life  but  there 
is  reason  to  believe  just  the  opposite,  these  two  sets  of  data  could 
possibly  be  considered  as  equivalent,  and  represent  the  fatigue  life 
in  the  presence  of  a flaw,  possibly  an  undetected,  incompletely  bonded 
crack  induced  by  the  predamage  cycles. 

To  reach  some  understanding  of  why  rejuvenation  of  fatigue 
damage  was  not  observed  even  when  the  initiation  sites  for  fracture  after 
rejuvenation  appeared  to  be  similar  to  the  baseline  initiation  sites,  it 
is  instructive  to  examine  the  possible  fatigue  damage  mechanisms  and 
speculate  on  what  effect  the  rejuvenation  processing  might  have  on  this 
damage.  As  mentioned  earlier,  pre-crack  initiation  damage  consists  of 
the  formation  of  heavy  shear  bands  within  the  grains. The 
magnitude  of  the  accumulated  shear  in  these  bands  evidently  increases  in 
intensity  with  increasing  cycles  until  decohesion  occurs  within  a band 
near  or  at  the  specimen  surface,  thereby  forming  a crack.  The  y"  and  y' 
precipitates  are  .possibly  resolutioned  within  these  bands. The  crack 
then  propagates  in  a predominantly  transgranular  mode.  In  addition  there 
may  be  internal  cracking  et  Level  1 damage  in  the  STA  condition,  associated 
with  the  Laves  phases  and  concentrations  of  carbide  particles,  inclusions, 
and  coarse  NijNb.  Post -crack-initiation  damage  consists  of  all  of  the 
above  plus  visible  surface-connected  cracks  0,5  to  1 mm  in  length.  What 
is  rejuvenation  processing  expected  to  do  to  this  damage? 

The  observation  of  extensive  grain  growth  during  HIP  and  resolution 
of  the  coarse  Ni3Nb,  Laves  phase,  and  some  of  the  carbides  suggests  that 
the  Level  1 damage  should  be  virtually  eliminated.  The  grain  size  increases 
by  almost  10  times,  from  22  to  30  ;im  in  the  STA  condition  to  200  ^m  or  more 
in  the  C+H  condition.  Thus,  the  bulk  of  the  specimen  has  been  swept  by 
grain  boundaries.  This  effect,  along  with  resolutioning  of  the  y"  and  y' 
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precipicaCes , would  be  expected  to  homogenize  the  microstructure  and 
eliminate  any  significant  effect  of  the  predamage  shear  bands  on  post- 
rejuvenation  fatigue  life.  In  addition,  HIP  closes  all  internal  cracks 
and  supposedly  bonds  them  together.  This  line  of  reasoning  indicates 
that  rejuvenation  should  have  been  observ'ed  after  Level  1 damage,  i.e., 
the  mean  total  life  should  have  been  14,467  cycles  after  rejuvenation. 

For  the  Level  2 damage,  the  same  discussion  applies  to  the  non- 
crack damage,  .\s  for  the  predamage  cracks,  it  is  shown  later  that  bond- 
ing of  many  predaraage  cracks  had  occurred,  and  the  bonded  cracks  did 
not  reopen  during  subsequent  fatigue  testing.  Also  only  two  specimens 
definitely  fractured  at  previously  mapped  cracks  (Table  12).  The  specimens 
not  failing  at  previouslv  mapped  cracks  (Table  12)  are  the  five  longest 
life  points  in  Figure  25c. 

Taking  now  the  case  where  the  rejuvenation  process  has  presumably 
removed  or  bonded  all  preexisting  flaws  (cracks)  in  both  Level  1 (.if  there 
were  undetected  cracks  present)  and  in  the  specimen  7B-1  from  Level  2,  whv 
was  there  no  apparent  rejuvenation  of  fatigue  life?  It  is  expected  that 
the  bulk  of  the  specimen  is  swept  clear  of  previous  damage  and  a new 
precipitate  distribution  is  developed  during  post-HIP  aging.  Thus,  if  the 
predamaged  specimens  do  not  fail  at  preexisting  cracks  or  flaws,  there 
must  be  some  type  of  residual  fatigue  damage  which  is  resistant  to  grain 
boundary  migration  and  to  resolution  and  reprecipitation  of  the  secondary 
phases.  These  types  of  damage  are  difficult  to  visualize  or  evaluate  in 
the  absence  of  a detailed  examination  of  the  mi crostructure . However,  one 
possible  form  of  damage  of  this  type  is  the  surface  offsets  associated 
with  heavy  shear  bands  intersecting  the  surface  during  predamage.  These  mav 
not  be  wholly  eliminated  or  neutralized  by  the  surface  rejuvenation  treat- 
ment. The  peening  either  did  not  completely  remove  them  or  it  transformed 
them  into  a condition  to  aid  subsequent  crack  initiation.  These  offsets 
would  be  preserved  beneath  the  coating  after  the  first  coating  application, 
and  they  would  not  have  been  removed  by  the  bulk  microstructural  changes 
occuring  during  HIP.  There  might  be  other  types  as  well,  such  as  cracked 

carbides  or  inclusions  that  did  not  rebond  during  HIP, 

If  it  is  assumed  that  some  type  of  fatigue  damage  similar  to 
this  is  present  and  has  not  responded  fully  to  the  type  of  rejuvenation 

84 


1 


process  used  in  this  program,  then  a baseline  other  than  total  life  must 
be  used  to  measure  the  degree  of  rejuvenation.  The  new  baseline  must 
take  into  account  the  nonresponsive  fatigue  damage  introduced  into  the 
STA  material  and  what  its  affect  might  be  on  the  STA+C+H  condition. 

This  is  considered  in  the  next  section. 

Partitioned  Life  Analysis 

Consider  the  split  of  the  C+H  improvement  on  baseline  properties 
between  the  initiation  and  nropagation  stages  of  life.  Recall  that  over 
95  percent  of  the  in-reaseo  total  life  of  the  baseline  properties  due  to 
the  C+H  treatment  resided  : i an  increased  crack  initiation  resistance. 

Because  of  this,  damage  analysis  to  assess  the  extent  of  rejuvenation  is 
not  as  straightforward  as  that  used  above  (Figure  25).  Obviously,  since 
the  baseline  fatigue  resistances  of  the  STA  and  the  STA+C+H  conditions 
differ  significantly,  the  damage  accrued  in  one  material  condition  should 
not  be  considered  directly  in  the  context  of  the  other.  In  this  case,  the 
difference  in  fatigue  resistance  resides  in  an  increased  resistance  to 
crack  formation  in  the  C+H  condition,  whereas  the  propagation  rates  are 
comparable  (Table  13).'  The  assessment  presented  in  Figure  25  ignores 
this  aspect.  It  assumed  that  damaged  STA  material  after  rejuvenation  had 
the  same  fatigue  resistance  as  the  undamaged  STA+C+H  material.  Although 
this  is  the  most  conservative  assumption,  it  is  unrealistic,  and  therefore 
a different  approach  is  presented.  The  approach  adopted  here  applies  a linear 
damage  rule  based  on  both  the  material  and  the  stages  of  life.  It  is  assumed 
that  the  fatigue  damage  mechanisms  could  be  the  same  in  both  the  STA  and 
STA+C+H  conditions  but  that  the  damage  accumulates  at  different  races  in 
the  two  conditions,  the  rate  being  proportional  to  the  ratio  of  their  crack 
initiation  lives.  This  causes  the  baseline  lives  to  be  different  for 
Level  1 and  Level  2 damage. 

Assuming  damage  accumulates  linearly,  and  using  an  average  baseline 
life  to  crack  initiation  of  4487  cycles  for  the  STA  IN-718*,  2100  cycles  of 
Level  1 predamage  exhausts  47  percent  of  the  total  initiation  lifetime. 
Assuming  the  applicability  of  such  a linear  damage  theory,  only  53  percent 
of  the  initiation  period  of  9976  cycles  for  the  STA+C+H  condition**  should 


Result  from  section  on  Baseline  Fatigue  Resistance  using  the  data  in  Table  10. 

Result  from  section  on  Influence  of  Rejuvenation  Processing  on  Baseline 
Properties  using  data  in  Table  10. 
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TAB 


ba  Includad  In  establishing  the  reference  for  rejuvenation  assessments. 

The  average  increase  in  remaining  life  in  the  STA-^C+H  condition  is  12,367 
- 0.47  (9976)  ■ 7678  cycles  in  addition  to  the  2100  predamage  cycles. 

This  reference  life  of  9778  cycles  represents  the  total  fatigue  life  of 
a material  which  exists  initially  in  Che  STA  condition,  is  damaged  to 
2100  cycles,  and  is  Chen  processed  into  Che  STA-fC+H  condition. 

Similar  calculations  can  be  made  for  the  Level  2 state,  in  which 
case  there  is  no  initiation  period  to  increase  as  a result  of  Che  C-^H 
process.  Consequently,  Che  life  of  the  initial  STA  condition  provides 
Che  approximate  reference  by  which  to  assess  Che  extent  of  rejuvenation. 
Including  the  predamage  cycles,  represented  by  Che  Initial  crack  Initiation 
life,  plus  Che  crack  propagation  period. 

Making  use  of  the  above  reference  lives  as  a basis  to  measure 
Che  extent  of  rejuvenation  gives  the  results  shown  in  Figure  26. 

Level  1,  the  predamage  of  2100  cycles  in  the  STA  condition  converts  to 
4689  cycles  in  the  STA+C+H  condition,  so  full  rejuvenation  requires  a 
total  life  of  14,467  cycles.  With  reference  to  Figure  26a,  the  observed 
total  life  of  9906  cycles  indicates  rejuvenation  of  Level  1 damage  did 
not  occur  but  neither  did  a decrease  in  fatigue  life  relative  to  Che  base- 
line life.  For  Level  2 damage,  Che  total  life  related  to  full  rejuvenation 
is  12,367  + 4487  - 16,854  cycles*.  Reference  to  Figure  26b  shows  that  the 
observed  total  life  of  11,077  cycles  after  rejuvenation  is  intermediate 
between  Che  baseline  and  full  rejuvenation  lives.  This  indication  of 
rejuvenation  was  not  observed  in  the  total  life  approach. 

Clearly,  Che  results  when  examined  in  a context  which  accounts 
for  Che  impact  of  fatigue  damage  on  crack  initiation  in  Che  C-Hi  condition 
indicate  Che  possibility  of  rejuvenation  in  terms  of  a total  strain 
analysis  (Figure  26),  For  the  Level  1 specimens,  chose  which  showed  normal 
initiation  tend  to  lie  in  Che  rejuvenation  range  of  total  life.  For  the 
Level  2 specimens,  only  those  2 specimens  which  failed  at  previously  mapped 


This  Includes  the  predamage  cycles  to  crack  initiation  in  the  STA  condition 
plus  complete  rejuvenation  of  the  initiation  period  in  the  STA+C+H  condition 
and  the  crack  propagation  period. 
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(b)  Comparlaon  of  baseline  and  Level  2 lives 

Figure  26.  Analyses  of  Fatigue  Damage  Rejuvenation  In  IN-718,  Based  on 
Representative  Baseline  Fatigue  Reslatance. 

The  Dots  Represent  Specimens  Showing  "Normal"  Crack  Initiation  and  the 
X's  Represent  Specimens  Having  a "Flaw-Type"  Initiation. 

The  + Is  the  Mean  of  the  Fatigue  Lives  and  the  Bracket  With  It  Spans 
the  Standard  Deviation. 


88 


cracks  have  lives  lower  than  Che  baseline  life.  All  Che  others  are 
grouped  coward  Che  full  rejuvenation  life. 

Much  of  Che  scatter  in  life  after  rejuvenation  appears  to  be 
due  to  scatter  in  the  propagation  period.  Although  the  propagation 
period  remains  comparable  on  Che  average  to  its  assumed  constant  value, 
it  shows  an  extremely  high  coefficient  of  variation,  as  evident  in 
Table  13.  Specifically,  Che  mean  propagation  period  for  Level  1 is  2863 
cycles  as  compared  to  Che  assumed  constant  value  of  2309  cycles,  with  a 
standard  deviation  of  3212  cycles  for  a coefficient  of  variation  of  112 
percent.  Similar  trends  exist  in  the  Level  2 predamage  rejuvenation 
results.  In  this  case,  the  mean  propagation  period  is  2301  cycles  as 
compared  to  the  assumed  constant  value  of  2309  cycles.  The  standard 
deviation  is  3048  cycles  so  that  the  coefficient  of  variation  is  132 
percent . 

The  conclusion  from  this  analysis  is  that  the  Level  1 predamage 
responded  very  little,  if  at  all,  to  rejuvenation  processing.  This  could 
be  attributed  to  damage  such  as  surface  offsets  whose  effect  was  not 
reversed  by  the  surface  treatment,  or  to  internal  damage  such  as  the 
flaws  noted  on  the  fracture  surfaces  of  many  of  the  predamaged  specimens. 
If  these  flaws  are  not  incompletely  bonded  cracks,  they  might  represent 
some  other  type  of  Level  1 damage  which  did  not  respond  to  rejuvenation. 
The  rejuvenation  present  in  the  Level  2 case  can  be  attributed  to  the 
closure  and  bonding  of  the  cracks.  This  required  some  additional  time 
to  be  spent  in  a crack  initiation  period  before  reentering  the  crack 
propagation  period  after  rejuvenation. 

Metallographic  Studies  of  Fatigue  Damage 

Fatigue  Cracks  in  Baseline  Material 

A series  of  fatigue  bars  were  sectioned  after  fatigue  to  examine 
the  character  of  the  fatigue -induced  cracks.  The  sections  were  all 
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longitudinal  sections  alonn  tlie  jiauije  length  so  that  tlie  cracks  could  he 
observed  in  profile. 

The  first  intention  was  to  ox.iniine  hrietlv  the  character  ot  the 
cracks  developed  at  different  total  strain  amplitudes.  .Specimens  iC-1, 

^c^  - 2.00?.;  5B-1,  - 2.03,":;  llC-2,  .ic*’  - 1.32'.;  and  5t'-l , .'u  - O.MK 

were  selected  for  sectioning.  i^f  the  two  high  strain  amplitude  specimens, 
the  fatigue  lives  were  quite  different  even  though  thev  were  tested  inider 
essentially  the  same  conditions  of  temperature  and  total  strain  .amplitude. 

The  cracks  in  Specimen  3C-1  shown  in  Figure  27  are  typical  of  most  .'f  the  ' 
cracks  observed.  The  cracks  follow  a mostly  transgranular  path,  but  do 
have  some  intergranular  segments  and  also  deflect  along  twiit  boundaries. 

There  are  both  relatively  straight  cracks  with  little  branching  (ligures 
27a  and  27b),  and  wandering  cracks  (Figures  ^7c  and  27dl.  Less  often  ;» 
seemingly  subsurface  initiated  crack  is  seen.  Figure  27c. 

In  contrast  to  the  long,  narrow  crack  opening  configuration 
usuallv  found,  the  other  specimen  tested  at  a strain  amplitude  of  2 percent. 
No.  5C-1,  had  numerous  short,  wide  cracks  (Figure  I9bl,  I'his  same 
specimen  had  a short  life,  8u  cycles,  compared  to  SpecinK’n  3Cl  (Figure  271 
wlilch  lasted  248  cycles.  This  could  Indicate  some  difference  in  composition 
or  microstructure  in  this  bar  compared  to  the  otliers.  If  so,  it  is  U’C.* I iceii 
because  another  specimen  from  the  same  bar.  Specimen  5D-2,  showeii  the 
typical  crack  conf iguration. 

Fatigue  cracks  representative  of  the  Level  2 predamage  developed 
at  the  strain  amplitude  - O.SOt,  selected  for  the  test  matrix  of  this 
study,  are  shown  in  Figure  28.  These  cracks  are  tvplcal  of  both  • 

1.323:,  Specimen  llC-2,  and  Ae^  - 0.807.,  Specimen  5D-2.  Tliese  conf igurations 
are  shown  in  Figure  28:  the  wide  opening,  straight  tvpe  (Figure  28a>; 
the  narrow  opening,  straight  type  (Figure  28b);  and  the  narrow  opening, 
branchy  type  (Figure  28c).  The  tighter  and  branchv  cracks  appear  to  be 
most  common.  What  appears  to  be  an  Internal,  subsurface  initiation  crack 
is  seen  to  the  left  of  the  wide  crack  in  Figure  28a.  The  specimen  surface 
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cr.u'k  opi*rtin>:  widrh  v't  t!>«*  v.idr  cr.u-k  is  .ihout  3 ..m,  well  below  the  is  to 
wliioh  o;in  be  brul^ied  bv  t!»e  I'VP  ooatiu>t.  The  ti»;hter  oracks 
have  suitav'e  ora.k  openliij;  widths  ot  I ..m  or  less. 

both  the  wide,  str.iifiht  or.aok  iKl>:vire  .'8.-0  and  the  br.uu'hv  oraok 
iTi>;iiie  oov-'.ii  111  ie>;ions  heaviU  b.iiided  with  the  ooarse,  aoioiilar 

Ni^Nb.  A’.thoujth.  tliese  are  lavored  areas  tor  loo.il  crack  branch  iiiji , the 
cracks  do  not  alwavs  conrinne  to  propagate  in  this  fashion.  Se^ions  such 
as  tb.e  void  appeariiiit  on  the  crack  in  the  lowei  center  of  Ki^tiire  -Sc  were 
possiblv  due  tc  a cliiinp  ot  ijrains  talliiiit  out  of  the  specimen  during:  prep- 
aration. Possihlv  thev  fractared  alonit  weak  or  brittle  interphase 
boundaries  durin>:  t.itiitue.  Similar  voids  were  onlv  rarelv  found  in  undamaged 
m.i  t e r i .1 1 . 

It  h.is  been  shown  that  tile  fatijtue  damaite  in  IN -718  tested  under 
: :ie  conditions  of  this  studv  consist  of  well-defined  bands  of  heavv  sliear 
str.iin  extendlnc,  across  the  ^trains . Decoheslon  areas  within  intense 

V I ^ 

slip  b.inds  valso  c.illed  twins  > ultimatelv  act  as  the  sites  for  crack 
in  1 1 i.it  ion . Kvidence  of  these  heavv  slip  b.ands  could  be  seen  in  some 
areas  ot  metal  lo»;raph  ical  ly  polished  .ind  etched  sections  of  the  extruded 
and  STA  baseline  material  after  fativtue.  However,  no  more-intense  reijions 
ot  slip  were  specifically  associated  with  the  cracks  as  compared  to  regions 
awav  t rom  the  cracks. 

•i? 'Ldi * ?■  •* ^ i^i'acks  to 

^e juv enation  Proces s i_r^ 

One  o!  the  principal  objectives  of  tb.is  proitram  was  to  demonstrate 
closure  and  bonding  ot  preexisting  fatigue  cracks  after  cleaning,  coating, 
and  HIV.  This  was  first  attempted  in  an  earlv  HIV  experiment  bv  cleaning, 
coating  , and  HIV  half  of  a fractured  fatigue  bar  containing  numerou.s 
surtace  cracks.  This  was  Specimen  5B-1,  already  described  previonslv  as 
having  atvpical  wide  cracks  tFtgure  which  were  too  wide  for  the  VVD 
bridg.ng  process. 

Later,  two  halves  of  different  tractured  fatigue  bars  were  processed 
Identlcallv  to  the  fatigue  d.smaged  test  bars  and  Included  in  the  last  HIV 
experiment.  However,  after  the  HIV  experiment  it  was  decided  Inste.id  to 
section  .ictual  pre-'racked  test  bars  after  HIV  and  final  fatigue  testing 
to  failure.  This  had  the  advantage  ot  1 1 '>  knowing  the  exact  locat  Ion  of 
the  visible  cracks  Induced  during  the  pre-HIV  fatigue  to  the  crack 


prop«g4tlon  4C4j(o,  the  rejuvenation  processing  being  that  for  the 

fatigue  test  bars,  and  Uii'  determining  whether  fatigue  cycling  subsequent 
to  HIP  was  sufficient  to  reopen  any  closed  and  bonded  cracks. 

n\is  was  done  with  tv>'0  specimens,  7b-l  and  I2b-l,  both  of  which 
failed  at  a site  well  away  trom  the  mapiH'd  pre -re  Uivenat  ion  cracks 
(Table  l-^.  The  halves  of  the  fractured  specir.iens  containing  the  loca- 
tions of  the  pre-rejuvenativ'n  cracks  were  serial  sectioned  in  a lv>ngitudina  I 
section  in  250  urn  increments  so  as  to  intercept  the  iivapped  crack  locations 
with  the  expectations  of  (i'  finding  no  cracks  at  all,  indicating  the 
cracks  had  bonded  completely;  (11 ^ finding  the  location  of  the  now-bonded 
cracks  marked  by  "dirt",  precipitates,  or  voids  as  in  the  case  of  the 
Ti -pAI ^ ; or  (iii>  finding  an  open,  nonbonded  crack. 

The  result  was  the  finding  of  bonded  cracks  whose  former  location 
was  delineated  bv  Suva  11  ;.\articles  or  voids.  IVo  of  the  three  mapped 
cracks  in  7b-l  were  located  and  found  to  be  identical  in  appearance. 

These  are  shown  in  Kigures  to  32.  Tlte  other  crack  in  Specimen  "b-i 
was  not  pursued.  In  addition,  the  previously  mapped  crack  and  two  other 
healed,  but  not  previously  observed,  cracks  were  also  found  in  Specimen 
I2b-1  which  were  identical  to  those  shown  in  Figures  2‘i  to  32.  Thus,  there 
were  certainly  preexisting  cracks  in  some  of  the  other  specintens  which 
also  wvre  not  observed  before  rejuvenation. 

The  appearance  of  the  cracks  on  the  as-polished  section  shows  a 
"track"  of  particles  of  about  5 urn  wide  (Figvires  3('a  and  32a''.  Therefore, 
there  must  be  precipitates  associated  with  the  crack,  lying  Just  beneath 
the  original  crack  surface,  as  well  as  possible  residual  voids,  oxide,  or 
dirt  along  the  bond  line  itself.  It  is  believed  there  was  not  sufficient 
time  at  temperature  during  the  predamage  cracking  phase  of  testing  to 
develop  a significant  alloy  depleted  zone,  but  the  severe  etching  attack 
of  the  cracks  over  much  of  their  length  indicates  there  must  be  significant 
composition  differences  along  the  bond  line.  Since  subsequent  fatigue  did 
not  open  up  a new  crack  at  or  near  any  of  the  observed  bonded  cracks, 
neither  the  residual  particles,  voids,  or  any  alloy  depleted  zone  repre- 
sented most -favored  sites  for  subsequent  fatigue  crack  initiation.  The 
particles  would  not  be  expected  to  act  as  initiation  sites  because  of 
their  snvall  size,  less  than  I «m. 
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Figure  29.  Micrographs  of  a Ponded  Fatigue  Orack  after  Re jviwnation 
Processing  and  Fatigue  Testing  to  Failure. 
Specimen  7B-1,  longitudinal  section. 


(a)  As -polished 
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(b)  Polished  and  etched 


Figure  31.  Micrographs  of  a dondod  Fatigue  Crack  After  Rejuvenation 
Processing  and  Fatigue  Testing  to  Failure. 


Fatigue  Damage  In  Rejuvenated  Material 


The  heavy  shear  bands  traversing  the  grains  were  much  more  visible 
In  the  specimen  fatigue  tested  after  HIP.  This  was  because  the  larger 
grain  size  In  this  material  Increased  the  length  and  therefore  the  dis- 
placement or  shear  within  the  individual  cracks.  If  the  primary  crack 
Initiation  mechanism  Is  decohesion  of  these  heavy  shear  bands,  then  this 
Is  the  probable  cause  for  the  trend  toward  a grain  size  dependence  of  the  crack 
Initiation  life  observed  in  the  C+H  condition.  There  did  not  appear  to  be 
any  concentration  of  these  heavy  shear  bands  associated  with  the  cracks. 

The  cracks  were  similar  in  appearance  to  those  shown  earlier, 
except  there  appeared  to  be  fewer  secondary  cracks.  The  cracks  propagated 
In  a transgranular  mode  for  the  most  part  but  did  show  some  deflection 
along  twin  and  grain  boundaries. 

SUMMARY  DISCUSSION  AND  CONCLUSIONS 


It  should  be  noted  at  the  outset  that  the  material  used  In  this 
program  was  not  given  much  work  before  use.  Therefore,  although  it  has 
some  of  the  characteristics  of  wrought  material,  it  also  retained  some 
characteristics  of  cast  material.  To  some  extent  the  results  of  the 
program  will  reflect  this  difference  and  this  should  be  borne  in  mind 
when  evaluating  them. 

It  is  clear  that  properly  bridged  fatigue  cracks  can  be  closed 
and  bonded.  There  are  definitely  secondary  phases,  oxides,  or  "dirt"  from 
shot  peening  within  these  cracks.  The  size  of  these  particles  is  quite 
small,  less  than  1 |im,  and  they  should  not  initiate  new  cracks.  However,  the 
different  localized  microstructure  and  chemistry  along  the  bonded  crack 
might  favor  crack  initiation.  There  will  be  a point  where  better  cleaning 
is  required  and  an  alloy  depleted  zone  must  be  addressed  to  ensure  a sound 
bond.  The  observed  failure  at  previously  mapped  cracks  in  some  of  the  pre- 
damaged,  rejuvenated  specimens  indicates  the  importance  of  a reliable  crack 
bridging  process  and  reliable  cleaning  of  the  cracks.  It  is  not  known  what 
type  of  damage  the  flaw-type  initiation  sites  represent,  but  they  clearly 
appear  in  the  crack  initiation  period  and  are  difficult  to  remove.  They 
are  probably  Improperly  bonded  cracks.  If  not,  they  could  represent  an  important 
type  of  fatigue  damage  in  its  seeming  lack  of  response  to  rejuvenation. 
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It  is  believed  that  the  PVD  coating  is  desirable  to  provide 
primary  bridging  of  the  crack,  and  to  replace  material  lost  to  erosion  and 
corrosion  of  used  disks  or  blades.  It  is  believed  that  the  coating 
technique  can  be  improved  beyond  that  demonstrated  in  this  program  to 
provide  better  surface  adherence  and  bridging  of  cracks.  The  ceramic 
coating  must  require  further  development  as  a reliable  backup  coating 
to  the  PVD  coating. 

An  Important  result  of  this  program  was  the  lack  of  response 
of  Level  1 damage  to  rejuvenation.  Since  it  was  surmised  that  internal 
damage  should  be  removed  during  HIP  and  aging,  this  is  an  unexpected 
result.  It  is  possible  that  other  types  of  damage  such  as  surface 
offsets  or  the  flaw-type  defects  might  retain  some  of  their  potency 
through  rejuvenation  and  decrease  the  total  life. 

The  large  increase  in  fatigue  life  developed  by  coating  and 
HIP  of  the  extruded  and  STA  material  is  striking.  It  is  not  clear  to 
what  extent  the  rejuvenation  surface  treatment,  peening  and  coating, 
caused  this  increase  compared  to  the  homogenization  of  the  microstructure 
and  the  grain  size  differences.  It  may  be  that  a HIP  homogenized  micro- 
structure with  a smaller  grain  size  could  give  the  same  life  as  the  coated  jj 

and  HIP  material.  The  HIP  cycle  should  be  modified  to  homogenize  the  micro-  ^ 

structure  and  minimize  grain  growtli  in  both  cast  and  wrought  IN- 718  to  assess 
potential  benefits  in  mechanical  properties. 

The  substantial  change  in  the  baseline  properties  of  the  material 
after  coating  and  HIP  caused  great  difficulty  in  interpreting  the  results. 

Assumptions  had  to  be  made  regarding  the  similarities  of  fatigue  damage 
mechanisms  in  the  two  baseline  conditions  (STA  and  ST.\+C+H) , their  response 
to  rejuvenation,  and  the  influence  of  residual  fatigue  damage  carried  over 
from  the  initial  condition  on  the  fatigue  resistance  of  the  final, 
rejuvenated  condition.  The  most  conservative  analysis  showed  no  rejuvena- 
tion effect  but  instead  indicated  that  residual  fatigue  predamage  was 
Influencing  the  life  after  rejuvenation  of  the  predamaged  specimens. 

A second  approach  to  account  for  this  effect  indicated  little  or  no 
rejuvenation  of  Level  1 damage,  but  some  rejuvenation  of  Level  2 damage. 

This  is  consistent  with  the  observation  of  bonded  fatigue  cracks  in 

Level  2 specimens.  I 
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